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Preface 


This volume, which constitutes the forty-first in the series of annual 
TRANSACTIONS of the American Institute of Electrical Engineers, is the first 
to be published in the present sized pages, corresponding to the size of the 
Institute monthly JOURNAL. The change in size has been adopted chiefly 
for economic reasons; otherwise, the makeup of this volume does not differ 
materially from that of the preceding volumes. It is composed of papers, 
discussions, reports, etc., presented at the meetings of the Institute held during 
the year 1922. The TRANSACTIONS contains, therefore, no material which has 
not previously appeared in the JOURNAL. It is designed to be used principally 
as a book of reference for electrical engineers and its contents have therefore 
been selected by the Publication Committee to include only such material 
as will prove of permanent usefulness and interest to engineers. The arrange- 
ment of the contents is chronological, and each paper or group of papers is 
followed directly by the discussion thereon. The contents are conveniently 
indexed by title and author’s name, affording ample facilities for ready reference. 
The material appearing in the monthly JOURNALS which is not included in this 
volume consists mainly of news of Institute activities and various contributed 
articles. The most important of these articles, however, are made available 
for reference by means of a supplementary index referring to the issues of the 
JOURNAL in which: they are published. The synoptical and topical indexes 
have been omitted from this volume, and it is believed that they are less neces- 
sary than heretofore, because most of the principal articles are prefaced with a 
“Review of the Subject,” giving a very complete synopsis of the article. A 
small table of contents is also included at the head of many articles, giving the 
title of each subdivision of the article, as well as the number of words under 
each subdivision. The A. I. E. E. Standards have usually been published in 
previous volumes of Transactions, but have been omitted from this volume as 
the frequent additions to the Standards have made them so voluminous that 
they now comprise a volume of considerable size by themselves. It is also 
considered that the publication of the Standards in the TRANSACTIONS was 
merely for a historical record and not for current reference. As the periodic 
revision of the Standards generally follows the publication of the TRANSACTIONS. 
closely, the standards contained therein are obsolete nearly as soon as pub- 
lished and are of little value for reference purposes. This volume also contains 
the annual report of the Board of Directors for the fiscal year ending April 
30, 1922 and lists of the officers and committeemen for the current year. 
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The system discussed in this paper includes three single-core continuously loaded submarine cables, each of which 


provides, in addition to a telephone channel, direct-current and carrier-current duplex telegraph channels. 


A descrip- 


tion is giwen of the design and construction of the cables, of the method of superposing the various channels on each 


cable and of the terminal apparatus used for their operation. 


N April 11, 1921, commercial telephone service 
was inaugurated between the United States and 
Cuba over three submarine cables laid across 
the Florida Straits between Key West, Florida and 
Havana, Cuba. These submarine cables are the long- 
est and most deeply submerged which are in use for 
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phone Company, for the purpose of providing tele- 
phone facilities between the United States and Cuba 
which would be suitable for connecting the telephone 
toll lines in the two countries. 

The design of the submarine cables and the associated 
terminal equipment differs from previous systems 
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Fig. 1—Marp SHOWING THE SUBMARINE CABLES AND SOME OF THE ImporTANT ToLL RouTsEs 
IN THE UNITED STATES AND CUBA 


telephonic communication. They are from 100.2 
to 104.9 nautical miles (186 to 195 km.) in length and 


are laid in water which for a part of the route is about: 


1000 fathoms (1830 m.) in depth. 

The location of these cables and some of the import- 
ant toll lines in the United States and Cuba are shown 
in Fig. 1. The cables were installed by the Cuban- 
American Telephone and Telegraph Company, an 
organization formed in 1919 by the American Tele- 
phone and Telegraph Company and the Cuban Tele- 


Presented at the 10th Midwinter Convention of the A.J. E. E., 
New York, N. Y., February 15-17, 1922. 


because of the service which is furnished, the depth 
of water in which the cables are laid, and the length of 
the cables. The general features of this system will be 
indicated by the following summary of the require- 
ments and the means which have been employed to meet 
them. 

To give the service desired over these cables, it was 
necessary that the telephone channels be suitable for 
use in circuits connecting points in the United States, 
such as New York and Chicago, 1557 and 2453 miles 
(2510 and 3940km.) distant from Key West, with 
Havana and other points in Cuba, which is about 
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700 miles (1126 km.) in length. It was required also 
that the cables furnish, simultaneously with the tele- 
phone, a number of telegraph channels. These are 
provided partly by direct-current channels and partly 
by carrier-current channels! using frequencies above the 
telephone range. 

Because of the depth of water and other conditions, 
the cables are of the single-core type, generally used 
for deep sea submarine telegraphy in which the 
return path of the circuit is through the sea. An 
important modification of this type has been made for 
these cables in order to make the circuits more suitable 
for telephone and carrier use. This consists in sur- 
rounding the insulation of the central conductor with a 
wrapping of copper tapes forming an uninsulated return 
conductor. 

In order to obtain the necessary efficiency for the 
telephone channels over cables of this length, the cables 
are “loaded,” that is, the inductance of the circuit is 
increased by the use of iron, and vacuum-tube repeaters? 
are used at the terminals for all connections over the 
cables. 

To provide the desired services, required, in addi- 
tion to laying the submarine cables, the extension in 
the United States of suitable toll lines to Key West and 
the installation of vacuum-tube repeaters in the Cuban 
toll lines. 

GENERAL DESIGN OF SYSTEM 


The construction of an open-wire land line along the 
causeway of the Florida East Coast Railroad which 
connects the string of small islands off the southern end 
of Florida, made it possible to land the cables at Key 
West and thus materially reduce their length. The 
landing points of the cables are on the western side of 
the entrance to the harbor of Havana and the southern 
side of the Island of Key West. This point in Havana 
is about a mile (1.6 km.) from the telephone toll office 
and that in Key West an equal distance from the exist- 
ing telephone office. The distances from the cable 
landing points to the telephone terminal offices were 
kept as short as practicable in order to reduce the 
possibilities of interference from power circuits. 

The water in the Florida Straits, starting from Key 
West, increases gradually in depth. Five miles (9.3 
km.) from shore it is about 40 feet (12.2 m.) deep, at 
15 miles (27.8 km.) about 700 feet (214 m.), and at 35 
miles (65 km.) about 3000 feet. (915m.) From that 
point on to within about three miles (5.6km.) of 
Havana it is from 3000 feet (915m.) to 6000 feet 
(1830 m.) in depth, being about a mile (1.86 km.) deep 
within five miles (9.3 km.) of Havana. These depths 
of water eliminated from consideration the use of a 
paper-insulated cable such as is commonly employed 
for telephone purposes on land or in shallow water. 


1, Colpitts and Blackwell, ‘“‘Carrier Current Telephony and 
Telegraphy”’ Journax A. I. E. E., April, May and June, 1921. 

2. Gherardi and Jewett, “Telephone Repeaters” A. I. E. E. 
TRANS., pp. 1287 to 1345, 1919. 
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The most suitable construction for great depths is the 
submarine telegraph type of cable with an insulation 
of gutta-percha or similar material 

Previous gutta-percha or rubber-insulated submarine 
telephone cables have, in general, contained four cores 
arranged to provide three and sometimes four tele- 
phone circuits. Two of these circuits, the “physicals,” 
have been obtained directly from the two pairs of wires, 
one superposed circuit, the “‘phantom,”’ has been 
obtained from the two wires of each pair in parallel and 
in some cases a second superposed circuit has been 
formed by the four wires in parallel with a sea return. 
There was considerable question, however, in this 
case, whether a cable of this type could be sufficiently 
well balanced to keep the cross-talk between the two 
superposed circuits and the physical circuits low enough 
to permit of their simultaneous operation with the 
required amplifications. 

In comparing the four-core cable with a system con- 
sisting of three single-core cables, the following factors 
were important: First, the cross-talk factor; second, 
the lack of any experience with laying and repairing 
four-core cables in water of these depths; third, the 
relative cost of the two systems; and fourth, the 
superiority of the single-core cables from the:important 
standpoint of insuring continuity of service, at least 
for an initial installation of cables. A consideration of 
all these factors led to the adoption of single-core cables 
for this case. 

The inductance of a circuit may be increased by the 
periodic insertion of loading coils, or by “‘continuous” 
loading, which is the wrapping of iron wire or tape © 
around the conductor. Because of the depths of water 
involved, the use of loading coils was impracticable. 
The placing of such coils in a cable causes, at the points 
of insertion, changes in the size and construction of the 
cable which are sources of weakness, both in connection 
with the stresses imposed on the cable in laying and 
repairing and also because of the necessity of making 
the cable resist the penetration of water, which at the 
deepest point reaches a pressure of over a ton per 
square inch (140 kg. per sq.cm.). The use of continu- 
ous loading for these conditions is advantageous not 
only mechanically in that it gives a uniform structure 
but also from the standpoint of keeping the terminal 
impedance of the cable uniform over the range of 
frequencies to be used. In repairing a coil-loaded 
cable in deep water it is practically impossible to main- 
tain the regular spacing of the coils which is necessary 
for this uniformity of impedance. This uniformity is 
important in obtaining the close balance between the 
impedance of the cable and that of a network of imped- 
ance elements which is required for the two-way opera- 
tion of amplifiers on the circuit. 

These cables were planned to provide New York- 
Havana connections for which a transmission equivalent 
of under fifteen miles of standard cable (cable having 
resistance of 88 ohms and capacity of 0.054 microfarad 
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per loop mile) was desired. Since the operating equiva- 
lent of the New York-Key West portion of the circuit 
is about ten miles, the sum of the amplifications applied 
at the terminals of the cable must be within five miles 
of its equivalent. It was estimated that practicable 
cables could be obtained which would have transmission 
equivalents of about 25 miles of standard cable. This 
required that the amplifications at the terminals should 
average about ten miles. As the interference produced 
on such a cable by power systems, by other com- 
munication systems, and by natural disturbances and 
the cross-talk between the cables themselves are 
amplified also, the requirements for these factors were 
correspondingly more exacting. 

To reduce the interference at the terminals of the 
cables from local power circuits, two-wire metallic 
circuits are used from the telephone offices to the 
landing points and the submarine cables are connected 
to the land lines through transformers so that these lines 
are balanced to ground. The operation of direct- 
current telegraph over the cables requires, however, 
that connections be arranged for carrying these tele- 
graph channels around the transformers. 


OPERATION OF SINGLE-CORE CONTINUOUSLY LOADED 
CABLES 


The preliminary studies of the results to be expected 
with a loaded ‘“‘grounded” cable circuit arranged for 
simultaneous telephone and _ telegraph operation 
indicated that satisfactory operation was dependent 
upon a number of factors regarding which little informa- 
tion was available. These included the effect of the 
sea return on the attenuation for alternating currents, 
the interference from natural electrical disturbances 
and from power systems at the terminals, the induc- 
tion between cables and the interaction between cur- 
rents of different frequencies resulting from their 
superposed fields in the iron used for loading.® 

The effect of the sea return for the single-core cables 
used for submarine telegraphy has not been serious 
because it is practically negligible for the low frequencies 
involved. For direct currents, the cross-section of the 
return path is very large and its resistance low, even 
though the specific resistance of sea water is relatively 
high, of the order of ten million times as great as that 
of copper. For alternating currents, however, the 
return currents crowd in near the cable and the resist- 
ance of the return path is higher. This crowding 
effect of the return currents increases with frequency 
and consequently the resistance of the return path 
becomes greater. For frequencies in and above the 
telephone range the return currents are forced into the 
steel armor wires around the cable and into the layer 
of water just outside of the insulation. The small 
effective cross-section of the water involved and the 


3. Fondiller and Martin, “Hysteresis Effects of Varying 
Superposed Magnetizing Forces” Journat A. I. E. E., February, 
1921. 
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losses In the armor wires cause the resistance of the 
return path to become a large part of the total resistance 
of the circuit and thus to have a large influence on the 
attenuation.’ The results of a few measurements of the 
sea return resistance for telephone frequencies, which 
had been made by British and French engineers, were 
published‘ in 1913 in an article discussing the factors 
involved in the use of single-core cables for telephony. 
In connection with the plans for the Key West- 
Havana cables, a theoretical investigation® was made 
to determine how the resistance of the sea return is 
affected by the dimensions and construction of the 
cables and how it varies with frequency. This work 
in addition to giving a basis for investigating the effect 
of the dimensions of the cable and of the number and 
size of armor wires on the resistance of the sea return, 
made possible also the determination of the effect of a 
method proposed for reducing the losses in the sea 
return by providing a path of low resistance for the 
return current. It has long been the practise, when 
necessary to protect the insulation from the teredo, 
a marine borer, to wrap the gutta-percha insulation of 
submarine cables with a thin tape of brass or copper. 
This conducting tape suggested the use of a heavy 
copper tape, which, being just outside of the insulation, 
would be in the position which the high-frequency 
return currents would naturally seek to occupy. 
With this construction the lower frequency currents di- 
vide between thesea water, armor wires and the copper 
tapes, but as the frequency increases the part which re- 
turns through the tapes increases until finally for the up- 
per frequencies in the telephone range practically all the 
current returns through the copper tapes. The resist- 
ance of these tapes becomes, therefore, practically the 
upper limit to the resistance of the return path. By 
making this path sufficiently low in resistance, it is pos- 
sible to increase materially the efficiency of the cable. 
Furthermore, it is relatively inexpensive to place cop- 
per outside of the insulation, the main limitation to 
the amount being a mechanical one; namely, that as 
the tapes are made heavier and consequently stiffer, 
there is danger of damaging the insulation when the 
cable is bent. It was found that this idea of providing 
a conductive tape for the return was not new,® but 
investigation failed to show that it had ever been used 
or that any quantitative information had been pub- 
lished as to its effectiveness. This construction forms 
practically a concentric cable in which the outside 
cylinder is in contact with the water. In addition 
to its beneficial effect on the sea return, it is desirable 
also in that by reducing the external field of the circuit 


4. Devaux-Charbonnel, Journal Telegraphique, May 25 and 
June 25, 1913. 

5. Carson and Gilbert, ‘‘Transmission Characteristics of 
the Submarine Cable.” Journal of the Franklin Institute, 
December 1921. 

6. British Patent No. 10,313 of 1895, Willoughby Smith 
and W. P. Granville. 
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it decreases the induction between adjacent cables and 
also tends to decrease the effect of extraneous elec- 
trical disturbances. 

In order to get directly experimental information 
regarding the interference and the effect of the sea 
return on submarine cables, permission was obtained 
from the British Columbia Telephone Company to 
make tests on their cable to the island of Vancouver,’ 
from the Western Union Telegraph Company to test 
their cables landing at Key West from Cuba, and from 
the United States Government to make measurements 
on a cable from Key West to Sand Key, a small island 
about 8 miles (14.8 km.) from Key West on which are 
located a lighthouse and a weather bureau station. 

The Vancouver cable is a four-core continuously 
loaded gutta-percha cable with a brass protective 
tape wound around the group of cores. Measurements 
were made of the sea return for grounded circuits, 
of the interference on grounded circuits and of the 
induction from a telegraph cable of the Canadian 
Pacific Railroad which parallels the telephone cable. 
In addition, tests were made to get some indication 
of the cross-talk which might be expected between the 
physical and superposed circuits in such a cable and 
of the regularity of the impedance in a continuously 
loaded cable. Tests were also made of the interaction 
between currents of telegraph and telephone frequencies. 
The superposition in the iron wire loading of the fields 
of these two currents has been found’ to increase the 
attenuation of the circuit for telephone currents. This 
has been called the ‘‘flutter’’ effect. 

The Western Union cables are single-core gutta- 
percha-insulated non-loaded cables with protective 
metal tapes. Measurements were made of the inter- 
ference on the cables and also of the cross-talk between 
the cables. 

The Sand Key cable is a four-core non-loaded rubber- 
insulated telephone cable which has no protective 
metal tape. On this cable the sea return effect and 
the interference were measured. . 

It should be noted that measurements cannot be 
made directly of the sea return resistance for tele- 
phone frequencies. The resistance of the grounded 
circuits was determined from measurements of the 
impedance of the circuit, from measurements of the 
attenuation and from such data regarding the constants 
of the cables as could be obtained from tests on short 
pieces. The resistance of the conductor itself was 
obtained from tests on metallic circuits. For the Van- 
couver cable, this included the effect of the loading on 
the resistance of the circuit for alternating currents. 

The magnitude of the sea return effect so determined 
checked closely the theoretical computations. In the 
case of the Vancouver cable this check involved taking 
into account the thin protective brass tape which had 


7. La Belle and Crim, ‘The Gulf of Georgia Submarine 
Telephone Cable.’”’ <A, I. E. E. Trans., 1913. 
8. Fondiller and Martin, loc. cit. 
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an appreciable effect. It was found also that the in- 
terference both from natural sources and from power 
systems would not be serious with amplifications even 
larger than those required on the Key West-Havana 
telephone cables. The tests for cross-talk between the 
cables at Vancouver which were about a mile (1.86 km.) 
apart for their length of about thirty miles (55.6 km.) 
gave no indication of induction from one cable to the 
other. The test on the Western Union cables which all 
terminated in the same hut at Key West gave a maxi- 
mum cross-talk of less than 10 unitsat 1000 cycles (a unit 
of cross-talk being a ratio of current in the disturbed 
circuit to current in the disturbing circuit of 1 to 
1,000,000). The flutter tests on the Vancouver 
cables showed that if the currents of the several chan- 
nels were kept within reasonable limits, this effect 
should not cause trouble even for longer cables. 

The results of these tests removed any question of 
serious interference and cross-talk with single-core 
cables under the proposed conditions. They verified 
the serious effects of the sea return resistance, but by 
providing a check on the theoretical work, gave assur- 
ance that this could be applied in estimating the effect 
of employing heavy copper tapes to limit the resistance 
of the sea return. 


CABLE DESIGN 


Conductor. To provide flexibility and _ security 
against breakage, it is customary to make the central 
conductor of a submarine cable not of a single solid 
wire but of a central wire surrounded either by a layer 
of copper wires or by a layer of thin copper tapes. 
In the present case the latter construction was used 
because of the smoother surface it provides for the load- 
ing wires.. It also tends to give somewhat lower re- 
sistance and capacity for a given weight of copper. 
The actual conductor consists of a round copper wire 
0.115 inch (2.92.mm.) in diameter surrounded by five 
copper tapes each 0.077 inch (1.96 mm.) wide and 0.0125 
inch (0.32 mm.) thick. This conductor has a weight 
of 350 Ib. (159 kg.) per nautical mile (1.86 km.). 
It was specified to have a resistance not to exceed 
3.52 ohms per nautical mile at 75 deg. fahr. (24 deg. 
cent.) 

Loading. The cable is loaded with a single close 
layer of iron wire 0.008 inch (0.2 mm.) in diameter 
applied directly upon the central copper conductor. 
There are approximately 120 turns of this loading 
wire per inch length of the conductor. While an 
equally efficient cable for the transmission of telephone 
frequencies could have been produced at a lower cost 
by using a smaller conductor with heavier loading 
in the form of more layers or thicker iron wire or both, 
the requirements of the carrier telegraph made the 
lighter loading more desirable, as will be shown later. 

Insulation. The loaded conductor is treated- with 
Chatterton’s compound and insulated with gutta- 
percha mixture applied in three layers, thus forming a 
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“core.”’ The amount of this insulating material is 
315 lb. (143 kg.) per nautical mile which provides a 
wall thickness of approximately 0.135 inch (3.4 mm.). 
Because of the loading and the high frequencies for 
which the cable is used, low alternating-current con- 
ductance was specified for the dielectric, requiring 
the use of a special gutta-percha mixture. 

Return Conductor. As- already stated copper tapes 
were applied to the outside of the core to diminish 
the losses caused by the sea return. In the actual 
construction a copper tape 1 inch(2.54cem.) wideand 0.004 
inch (0.1 mm.) thick is applied directly upon the core 
with short enough lay to provide safe overlap. Upon 
this tape are laid two heavier copper tapes, each 0.625 
inch (1.59 cm.) wide and 0.022 in. (0.56 mm.) thick. 
These two heavier tapes are applied with a much longer 
lay, and are laid side by side with the edges not quite 
touching. The entire system of copper tapes, weighing 
approximately 850 pounds (390 kg.) per nautical mile, 
provides a return conductor with a direct-current 
resistance in the laid cables of approximately 1.65 
ohms per nautical mile. The thin tape first applied 
directly on the core furnishes also the protection against 
injury of the core by the teredo. 

Sea Grounds. The main core with loaded central 
conductor and uninsulated return conductor, as des- 
cribed above, extends through the entire length of 
cable. In submarine telegraph cables it is the practise, 
in cases where it is especially important to reduce as 
much as possible all disturbances from outside sources, 
to construct portions of the cable near the ends with 
two cores so that the return part of the circuit is car- 
ried some distance out to sea before being connected 
to ground. In accordance with this practise, portions 
of each end of these cables were made with such two- 
core construction. In these portions the return or 
sea ground core has the same central conductor as the 
main core, no loading iron, the same amount of insu- 
lating material per unit length, and the thin protective 
copper tape but no heavy copper tapes. At the outer 
end of each of these sea ground cores its conductor is 
connected by electric welding to the conductive copper 
tape on the main core. 

Armoring. The armoring protects the core and 
gives tensile strength to the cable to permit its being 
handled for laying and for subsequent lifting in case 
of repairs. As is usual, the size and number of armor 
wires are adapted to the location, taking into account 
such matters as depth, nature of bottom and water 
currents. 
relatively shallow water the cable is most likely to 


be injured, have the heaviest armor wire, which in 


this case kas a diameter of 0.3 inch (7.6 mm.). The 
portions of the cable lying in the deepest water are 
armored with wire having a diameter of 0.104 inch 
(2.6 mm.). Intermediate portions of the cable have 
armor wires whose diameter is 0.192 inch (4.9 mm.). 
The 0.104 inch armor wire for the deep sea cable is a 


The shore end portions, where because of . 
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springy steel wire intended to give great tensile strength 
to the cable, while the heavier armor wire for the shore 
end and intermediate cable in shallower water con- 
sists of soft iron. The armor wire in all types of the 
cable is galvanized and is coated with preservative 
compound before being applied to the cable. The wires 
for the deep sea portions, in addition to being com- 
pounded, are individually wrapped with an impreg- 
nated fabric tape, which serves the double purpose 
of protecting the wire and making the cable more 
flexible by keeping the armor wires separated. 

Before the armor wires are applied, the core or cores 
are served with tanned jute yarn applied in one or 
more layers to form a bedding for the armor wires. In 
those portions of the shore end cable which have two 


TABLE I 
LENGTHS OF THE SEVERAL TYPES IN EACH CABLE 


Length—Nautical Miles* 
Type of Armoring or Western | Center { Eastern 
Cable Sheathing Cable Cable Cable 
Key West End 
Shore end twin with| 17 No. 1 (0.300 
lead-covered cores... inch) wires 0.2 0.2 0.2 
Shore end twin plain| 15 No. 1 (0.300 
COVES Harts, 5 aewmaeehe a inch) wires 3.0 3.0 3.0 
Shore end single....... 10 No. 1 (0.300 | 
inch) wires 14.0 | 9.5 | 10.5 
Intermediate single....| 14 Nos. 6 (0.192 
inch) wires 10.5 10.5 9.5 
Deep sea single........ 20 No. 12 (0.104 
inch) wires 
(taped) 73.3 74.5. | 79.2 
Intermediate single....| 14 No. 6 (0.192 
inch) wires LS 1.0 Ne) 
Shore end twin plain} 15 No. 1 (0.300 
COLES pve sisvercnn misters inch) wires 1.8 1 es 1.3 
Shore end twin with} 17 No. 1 (0.300 
lead-covered cores... inch) wires 02 O72 0.2 
Havana End 
RO Gar neice Pov cncncl at isp auto 104.5 100.2 104.9 


*A nautical mile is 6087 feet (1855 meters). 

The total length of cable laid on each of the three routes as given is 
somewhat greater than the distance along the route in order to provide 
slack, 


cores, these are laid up together with a relatively long 
lay and with tanned jute in the interstices between 
the two cores, before applying the jute bedding for the 
armor wire. 

In the extreme shore ends a short length is made 
with each core covered with a close fitting tube of lead 
to protect it from light and air, which would tend to 
cause deterioration of the gutta-percha in those portions 
which may extend out of the water. 

The lengths of the several types differ somewhat in 
the three cables because of differences in the routes. 
In a general way the heaviest type of armoring extends 
from the shore to a point where the depth is approxi- 


mately 100 fathoms (188 meters) and the intermediate 


type from this point to one where the depth is approxi- 
mately 250 or 300 fathoms (457 to 549 meters), with the 
deep sea type in all the deeper parts. This arrange- 
ment carries the heavily armored cable much farther 
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out from the Key West end than from the Havana end 
because of the much more gradual increase of depth of 
water at the Key West end. For the same reason the 
two-core or twin cable, which provides the return core 
for the sea ground, is carried out considerably farther at 
the Key Westend. Theapproximate length of each type 
actually installed and the sequence of types are given 
for each cable in Table I. 


TYPE A2 
SHORE END TWIN 


ERED CORES 
deed pa _7— Jute and Compound 


EVN Jute Bedding Ea 
SS) Amor 0.300" Dia, EWS 
=< Lead Tubes EN; \ 

S g--See Core EY f 

| View Below {2-4 


TYPE A2 
SHORE END TWIN 
CORES NOT LEAD COVERED 


d--See Core 


TYPE B 
TYPE D 
INTERMEDIATE DEEP SEA 
NRX Armor RRS 
SEX 0.300" Dia. LAS 


SC d-See Core 


SQ See Core 
SS View Below 


View Below <S 


LOADED CORE WITH CONDUCTIVE TAPES 


0.115” Copper Wire 
0.0125" Copper Tapes 
e--0.008” Iron Wire 
f--0.135"G.P. Ins. 
g--0.004” Copper Tapes 


~-Core with Protective Tape 
0,44” Dia. Appr. 


i d--Core with Protective and 


h~-0.022” Copper Tapes Conductive Tapes 0.49” Dia. App. 


Fic. 2—Cross-Sections oF THE Various Typrs or CABLE 
UsED 


Some of the principal details of the design of the 
several types of cable with their relative dimensions 
are shown in the diagrams of Fig.2. <A photograph of 
Specimens showing the appearance of the cables and 
some details of their construction is reproduced in 
Fig: 3. The over-all diameter of the largest shore end 
cable is approximately 2.4 inches (6.1 em.) and that of 
the deep sea type approximately 1.2 inch (3.0 cm.). 


CABLE MANUFACTURE AND TESTING 


The cables were manufactured and laid by the 
Telegraph Construction and Maintenance Company, 
Limited, of London. 

Since the mechanical structure of these cables 
is in most respects similar to that of gutta-percha- 
insulated submarine telegraph cables, the manufacture 
was in the main carried on along the lines followed in 
making such cables. Briefly, this process is as follows: 
The central conductor is made by stranding around a 
copper wire a layer of finer copper wires or a layer of 
thin copper tapes. This conductor is then covered 
with the gutta-percha insulating material, generally 
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applied in two or three layers to diminish the chance of 
a defect extending through the insulating envelope. 
Before applying the gutta-percha, the conductor is 
treated with a thin coating of Chatterton’s compound, to 
fill the interstices in the conductor and to increase the 
adhesion between the conductor and the gutta-percha. 
The insulated conductor so formed is known as a “‘core”’ 
and is manufactured in lengths generally ranging from 
114 to 8 nautical miles (2.8 to 5.6 km.), depending upon 
the weight of the core. In general it is necessary to 
manufacture heavy core in shorter lengths than light 
core. After the necessary inspection and tests the 
core lengths are served with tanned jute yarn, in one or 
more layers to form a bedding for the armor wires. 
In case the cable is to be protected against the teredo, 
the core, before being served with the jute bedding, is 
covered with a close overlapping layer of metal tape 
(generally brass). Either before or after being served 
with the jute bedding, the individual cores are joined 
together to form longer lengths. They then pass to 
the armoring or closing machine, which applies the 
armor wires. The galvanized armor wires, before 
being used, are coated with preservative compound and 
the armoring machine applies over the outside of the 
armor wires wrappings of tarred jute yarn or of a 
heavy burlap-like fabric known as “Hessian” band. 
Between the armor wires and these outer wrappings, 
as well as between and over the several wrappings, 


TYPE A 
SHORE END SINGLE 


SHORE END TWIN 


INTERMEDIATE 
CORES NOT LEAD COVERED 


TYPE A2®-SHORE END TWIN’ 
LEAD COVERED CORES 


Fig. 3—Sprctmens or THE Various Typrs or Caste Usep 


coatings of preservative compound are applied. From 
the armoring machine the cable is laid directly into the 
factory cable tanks, where it is treated with whitewash 
to prevent sticking, and where it is then kept submerged 
in water until it is transferred to similar tanks in the 
cable ship, for transport and laying. 

In the splicing of two lengths of cable, either at the 
factory or on the cable ship, a core joint is first made to — 
unite the conductor and its insulation in the two por- 
tions of cable. Over this the jute bedding is then 
reapplied by hand, and finally the armor wires which 
had previously been opened up and laid aside, are 
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laid back in such a way that the armor wire from one 
of the two pieces extends for a length of 15 feet (4.6 
m.) or more over the armor wire of the other part. 
After laying the armor wire in place the splice is served 
with several tight bindings of galvanized iron wire and 
the whole covered by a continuous close binding of 
tarred yarn. 

In the manufacture of these cables the application 
of the iron loading wire to the conductor added an 
operation which, because of its relative slowness, 


largely. determined the length of time required for . 


manufacture. The heavy conductive copper tapes 
which are applied to the outside of the core could, be- 
cause of their weight, be handled only in limited lengths 
of something like 200 feet (61 m.). Successive por- 
tions of this tape were joined together by welds. A 
soldering or brazing operation would have required the 
insertion of a dissimilar metal, which would increase 
the tendency to electrolytic corrosion when in contact 
with sea water. 


The-cable in process of manufacture was subjected 
to the usual visual and manual inspections and electrical 
tests. The core was manufactured in individual 
lengths of approximately two nautical miles (3.7 km.) 
each. These individual core lengths, after 14 days’ 
submersion in water, were tested at a temperature of 
75 deg. fahr. for d-c. conductor resistance, insulation 
resistance and capacity. During the process of jute 
serving and armoring frequent electrical tests were 
made so that if any injury or fault should develop it 
could be detected and the defective part removed or 
repaired. Measurements of d-c. conductor resistance, 
insulation resistance and capacity were again made on 
the completed cable at various times during and after 
the manufacture, the loading upon shipboard and 
during the transport and laying of the cable. 


In addition to these tests, which are customary for 
all gutta-percha-insulated submarine cables, additional 
measurements were made on the present cables. The 

‘inductance and capacity of each length of core were 
measured by alternating-current methods. A _ large 
number of short lengths of core selected so as to repre- 
sent all parts of the cable were measured for capacity 
and conductance at 1000 cycles per second and at 75 
deg. fahr. It was found that the capacity as measured 
by a direct-current galvanometer method agreed within 
one per cent with the capacity obtained by measure- 
ments with alternating current of 50 cycles or 1000 
eycles per second. Table II gives the average values 
per nautical mile of the several electrical constants as 
measured on the cores at a temperature of 75 deg. fahr. 
14 days after manufacture. 


TABLE II 


Direct-Current resistance.............. 
= t CAPACI mardeproys eds Fe pusest 
insulation resistance after 
one minute electrification.......... 
1000-Cycle inductance.........0.....0... 
© ESCONAUCLATICG: Geis ce, this.csieron Gree 


3.32 ohms 
0.311 microfarads 


“ “ 


920 megohms 
4.35 milhenrys 
12.8 micromhos 
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The corresponding values for the completed cable 
when laid are in some respects materially different. 
The insulation resistance is higher in the laid cables 
because it increased both with age and with the lower 
temperature. at the sea bottom. The 1000-cycle 
conductance decreased with age but increased with the 
lower temperature—these two effects thus tending to 
offset one another. The inductance for the completed 
cable corresponds to that of a central loaded conductor 
with a concentric cylindrical return circuit, while the 
inductance measured on the individual cores was that of 
a gutta-percha-insulated loaded conductor in bifilar 
form. The conductor resistance is, of course, different 
because of the lower temperature of the laid cables. 

These extensive measurements were made to obtain 
data regarding the electrical properties of the cable and 
of the individual lengths of core. The data on the 
core lengths were used to determine their best sequence, 
in order to make the impedance at the ends of the cable 
as uniform as possible over the range of frequencies 
required for telephone transmission. 


CABLE LAYING 


The cable ship arrived at Key West February 7, 1921, 
and after certain preliminaries such as securing barges 
and tugs and making the necessary arrangements with 
the Government authorities proceeded with the laying 
operations. 


Where the water was deep enough the cables were 
laid directly from the cable ship which brought them from 
the cable factory to the Florida Straits. In shallower 
water the cables were laid from a barge or lighter towed 
by a tug. The actual sequence of laying each cable 
was as follows: First a length of approximately 6 or 
8 miles (11 or 15 km.) was laid from a barge at the Key 
West end. The barge with its length of cable was 
brought as near as possible to the Key West cable hut. 
The extreme Key West end of the cable was pulled from 
the barge to the shore, laid in a trench on the beach and 
terminated n the hut. To facilitate this landing, the 
portion between the barge and the hut was supported 
at intervals by empty casks, to which the cable was tied 
by ropes, and thus floated in the water. After the 
landing of the shore end, the main portion of this cable 
section remaining on the barge, its length having been 
suitably chosen, was laid outward to a point having a 
depth sufficient for the cable ship. At this point the 
end was sealed and dropped to the bottom with an 
anchor attached to a marking bouy. Later this cable 
end was picked up by the cable ship and spliced to the 
next length, which was then laid by the ship from this 
point to the end of the intermediate type of cable, which 
as already stated reached to a point where the depth 
of water was about 250 or 300 fathoms (457 or 549 
meters). Again the end was sealed and laid overboard 
with an anchor and a marking bouy. Next a short 
length of shore end cable was laid by barge from the 
Havana cable hut outward and its end lifted to the 
ship and there spliced to the main length of cable, which 
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was then laid by the ship from this point near Havana 
to the point where the bouy marked the location of the 
end of the intermediate cable previously dropped. 
After lifting this bouyed end the final splice was then 
made on the ship connecting the bouyed end to the 
main cable on the ship and the work of laying completed 
by dropping the final splice overboard. 

After the completion of the laying of the three cables 
the final acceptance tests were made at the ends of the 
cables in the Key West cable hut. These tests covered 
only such measurements as are customary on sub- 
marine telegraph cables; 7. e., measurements of direct- 
current conductor resistance, direct-current insulation 
resistance and direct-current capacity. They were in- 
tended merely to determine these direct-current proper- 
ties and to insure the electrical integrity of the cables 
after completion of the laying. The results of these tests 
are shown in Table III which gives values per nautical 
mile: 


TABLE III 
Western Center Eastern 
Cable Cable Cable 
Conductor resistanee—ohms 3.13 oe Lk Sela 
Capacity-microfarads...... 0.315 0.316 0.314 
Insulation resistance after 
one minute  electrifica- 
eation—meghoms....... 8900 7600 8500 


These tests were completed the evening of February 
25, 1921, and on February 26, 1921, the surplus and 
spare cable was delivered into the storage tank at 
Key West and the cables were formally accepted. 


CABLE CHARACTERISTICS 


In view of the fact that the return circuit of the 
single-core cable includes the sea water, the operation 
of the cables could not be determined accurately until 
they were laid. The lengths of the laid cables are 
such that determinations at telephone and carrier 
frequencies of the primary constants, resistance, 
inductance, capacity, and conductance can not be made 
directly. The secondary constants, the impedance and 
attenuation, can be measured and these data together 
with the results of the tests on short pieces used to 
estimate the primary constants. 

After acceptance, extensive alternating-current 
measurements were made on the three cables, covering 
the range from about 100 to 6000 cycles. These tests 
included determinations of the ratio of the current 
received at one end of the cable to that sent in at the 
other and measurements of the impedance at each end 
of each cable with the far end closed through the charac- 
teristic impedance of the cable. From these measure- 
ments of the ratio of the “received’’ current IJ. to the 
“‘sent’’ current J ,, theattenuation constant & per nautical 
mile of each of the cables was obtained from the relation 


E 
q, 


where L is the length in nautical miles. These values 
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for a range of frequencies are given in Table IV. It 
is seen that the values for the three cables do not differ 
materially. The average of the attenuations for the 
three cables is shown also in Fig. 4. 


2000 3000 4000 
FREQUENCY- CYCLES 


Fig. 4—AvERAGE ATTENUATION CONSTANT OF THE CABLES 


The transmission equivalent of the center cable, 
which is the shortest, is shown in terms of miles of 
standard cable at 800 cycles (attenuation of one mile 
of standard cable at 800 cycles is 0.109) in Fig. 5. 
This figure gives in addition the combined equivalent 
of the compositing apparatus in the two huts and the 
land cables at the two ends between the cable huts 
and the offices, and also the total equivalent of the cir- 
cuit from the Key West office to the Havana office. 

Table V gives the total equivalent of the circuit 
over the center cable between the two offices and the 
corresponding current ratios. 

The variation of the resistance and reactance com- 
ponents of the impedance of the cable is illustrated 
in Fig. 6. The deviations of these curves from those 
that would be obtained if the cable were absolutely 
uniform throughout its length are under 3 per cent. 

From these measurements, from the tests in the 
factory and from computations, it is possible to esti- 


mate fairly closely the constants of the cables. The 
TABLE IV 
ATTENUATION CONSTANT PER NAUTICAL MILE 
Cables | 
Frequency | 
Cycles per sec. Western Center Eastern Average 
ee i ay aT } 
200 0.0170 0.0165 0.0168 0.0168 
500 0.0196 0.0197 0.0190 0.0194 
1000 0.0216 0.0216 0.0216 0.0216 
2000 0.0278 0.0278 0.0278 0.0278 
3000 0.0357 0.0361 0.0371 0.0363 
4000 0.0450 0.0460 0.0470 0.0460 
5000 0.0558 0.0574 0.0594 0.0575 
6000 0.0710 0.0716 0.0748 0.0725 


average of these constants for the three cables is given 
in Table VI. The conductance is not given for fre- 
quencies of 1000 cycles and lower as its effect for 
this range is so small as to make determination of its 
value practically impossible under the conditions. 
Estimates were also made of the distribution of 


the resistance in the circuit for a range of frequencies. — 
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TABLE V 


TOTAL EQUIVALENT-HAVANA OFFICE TO KEY WEST OFFICE 
CENTER CABLE 


Equivalent 
Miles Standard Cable 
Frequency Cycles 800 Cycles Current Ratio 

200 19.8 0.116 

500 19.4 0.121 
1000 20.8 0.104 
2000 27.2 0.0516 
3000 35.7 0.0204 
4000 46.0 0.00664 
5000 58.0 0.00180 
6000 727 0.00036 


The curves of. Fig. 7 give average values for the three 
cables of the d-c. conductor resistance, the increase 
of the conductor resistance with frequency due to skin 
effect, the resistance of the sea return and the resistance 
added to the circuit by losses in the loading iron. The 
large part contributed by the loading at the higher 


MILES OF STANDARD CABLE AT 800 CYCLES 


3000. 400 
FREQUENCY-CYCLES 


Fig. 5—TRANSMISSION EQUIVALENT OF CIRCUIT OVER CENTER 
CaBLE BETWEEN Kery West and Havana TELEPHONE 
OFFICES 


A. Total equivalent between offices. 

B. Equivalent of submarine cable. 

C. Equivalent of underground cables and apparatus between submarine 
cables and terminal offices. 


frequencies shows why it is desirable to use the light 
loading where carrier frequencies are to be transmitted. 
The use of iron wire 0.012 inch in diameter would have 
increased the resistance added by the loading by about 
55 and 90 per cent at 3000 and 5000 cycles respectively 


TABLE VI 


AVERAGE ELECTRICAL CONSTANTS OF CABLES PER 
NAUTICAL MILE . 


Frequency-Cycles per Second 


0 | 200 | 500 |1000/2000|3000|4000/5000|6000 
Resistance-ohms.,........ athe yA Rats ape tet ee al 
Conductance-micromhos..| . 90 | 140 | 180 


Capacity—0.31 microfarad 
Inductance—0.0041 henry 
Effective Permeability of Loading—115 
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above the values obtained with 0.008-inch wire. These 
increases in resistance, in spite of the increase in induc- 
tance resulting from this change, would have increased 
the attenuation by 33 and 65 per cent at these fre- 
quencies. 
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FREQUENCY-CYCLES 


Fig. 6—ImMpEDANCE OF HKASTERN CABLE AS MBASURED FROM 
THE Key West TERMINAL 


Estimates of the resistance of the sea return which 
would have been obtained in the deep sea portion of 
the cable if no copper tapes had been provided give 
values of 4, 6.5 and 8 ohms per nautical mile at 1000, 
3000 and 5000 cycles. The resistance actually obtained 
with the copper tapes does not exceed 1.7 ohms at 
5000 cycles, as shown on the curves of Fig. 7. The 
greater values would have increased the attenuation 
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RESISTANCE-OHMS PER NAUTICAL MILE 


2000 3000 4000 
FREQUENCY-CYCLES 


Fig. 7—ANALYSIS OF THE RESISTANCE OF THE CABLE CIRCUIT 
by approximately 30 per cent at 1000 cycles and by 
50 per cent at the two higher frequencies. 

The results of the measurements of the cross-talk 
obtained at Key West between two adjacent cables 
are shown in Fig. 8. It will be noted that the cross- 


10 MARTIN, 


talk between the cables when the connection is made 
to the copper tapes is less than one per cent of that 
obtained when the connection is made to the insulated 
sea ground conductors. 

Measurements of the interference on these cables 
showed this to be practically negligible. As might 
be expected, the interference of frequencies in the d-c. 
telegraph range was greater when using the return 
tape than when using the sea ground. The interfer- 
ence at the telephone and carrier channel frequencies 
was, however, many times greater when using the sea 
ground conductors, the interference when using the 
return tape being so small as to be negligible even with 
amplifications larger than required for operation. The 
maximum interference currents obtained with the tape 
return were less than one microampere and this was 
largely 180-cycle current, which was probably pro- 
duced by a harmonic in a power circuit near the 
terminal. 
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Fic. 8—CROSss-TALK BETWEEN Two OF THE CABLES 


A. Both cables using sea ground. 
B. Both cables using copper tape return. 


The results of the cross-talk and interference tests 
confirm the expected operation of the heavy copper 
tape return, that is, that practically all the current 
of frequencies in the important part of the telephone 
range and above would return through the tape. On 
the same basis the tape acts as a very effective screen 
against interference currents of these frequencies. 

Measurements of the flutter effect between the d-c. 
telegraph and the telephone channel showed that the 
passing of the telegraph currents over the cable si- 
multaneously with currents of frequencies in the tele- 
phone range, reduced the magnitude of the received 
telephone current by only a small fraction of one per 
cent. The maximum value of the d-c. telegraph 
pulses was about 14 milliamperes. The maximum 
effect on the carrier telegraph operation of the d-c. 
telegraph and the telephone together was a reduction 
of under 3 per cent in the magnitude of the received 
carrier currents. This was inappreciable in the opera- 
tion of the carrier system, as the receiving circuit 
is designed to be saturated with the normal incoming 
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current, so that slight changes in the sent currents or . 
changes in the circuit efficiency have no effect on its 
output. 

Investigation was also made of “‘modulation”’ effects 
in the loading. Where two currents of different fre- 
quencies, A and B, are superposed on the circuit and 
hence have their fields superposed in the iron wire 
loading, currents of other frequencies are set up in 
the cable as a result of the non-linear characteristics of 
the iron. The frequencies of these modulation cur- 
rents are the sums and differences of the frequencies 
A and B and of their various harmonics, such as A 
+B, 2A422B, 2A+B, At+2B, 83A+3B, 
83A4+2B, 3A +B, A+3B, and so on. The 
superposition of additional currents of frequencies 
different from A and B produces of course additional 
resultant modulation currents. 

The even order modulation currents, that is, those of 
frequencies for which the sums of the coefficients of A 
and B are even numbers, such as A+B and 2A 
+ 2B, are due largely to magnetic bias of the loading 
and are therefore materially affected by the amount 
of direct current flowing in the circuit. The odd 
order terms, such as 2A + B, A + 2B and so on, are 
produced by the non-linear foree-flux characteristic 
of the iron and are less affected by the direct current. 

The principal modulation currents found in the work 
on the cable were those of frequencies A + B, 2A 
—B, 2B—A, 3A—2B, and 3B—2A. Others 
were present but were either so small in magnitude or 
so high in frequency as to be negligible compared to the 
above. The measurements of the small modulation 
currents necessarily involve highly selective circuits, 
large amplifiers and special circuit arrangements in 
order to prevent the currents causing the modulation 
from entering the circuit measuring the modulation 
currents and also to eliminate the modulation effects 
in the measuring apparatus itself. For the present 
arrangement of channels with the 3000-cycle carrier 
flowing into the cable at. Havana and the 3800-cycle 
carrier at the Key West end the modulation currents 
produced by the carrier telegraph currents are very 
small. The 2 A-B term, which is the largest, is only 
0.2 microampere. If the two carrier currents are sent 
into the cable at the same end, however, the modula- 
tion currents while still small are appreciable, as shown 
in Table VII. 


TABLE VII 
MAGnituDE OF CARRIER CURRENTS ENTERING SUBMARINE 
CABLE 
A—3000 cyles, 13.6 milliamperes 
B—3800 “ 18.5 x 
MopvuaTion CURRENTS FROM CABLE 
Frequency Microamperes 
A= B, noe ass Pe ee ene 0.3 
‘Ac=-’ .B. 68008 2.4 ese ee oe less than 0.1 
2A = OB 2200 a ceet eee. 4.7 
2B =. A, 4600" Freee ee. 1.3 
3A. = 2B, 1400 ee ores 1.3 
3B —:2A,; 400° © oes 0.3 
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While for these arrangements the modulation effects 
were found to be so small as to cause no serious inter- 
ference, they may under some conditions become large 
enough to require consideration, particularly in con- 
nection with increasing the number of carrier telegraph 
channels over the cables. In that case, these modula- 
tion currents affect the number of channels, the cur- 
rent levels and the frequencies which can be used. 
This effect appears not only as noise in the telephone but 
also as interference between carrier channels. Asan 
illustration of the magnitudes which may be obtained, 
Fig. 9 shows the 2 A-B term for a constant A frequency 
of 2500 cycles with the B frequency varying from 3000 
to 5000 cycles. The magnitudes of both A and B are 
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MODULATION CURRENT:MICRO-AMPERES 


Fig. 9—MoptaTIon EFFECT IN CABLES 


Current of 2 A—B frequency for A fre- 
quency = 2500cycles. Current of both A and 
B frequencies = 30 milliamperes into sub- 
marine cable. 


30 milliamperes into the submarine cable at the same 
end, the modulation currents being measured also at 
thatend. It is seen that for the lower frequency values 
of 2 A-B, the magnitudes are comparable with those 
of components of the telephone currents on the cable. 


COMPOSITING ARRANGEMENT AT TERMINALS 


For the initial operation over the cables, arrange- 
ments were made and apparatus provided for two 
duplex telegraph channels and a telephone channel 
over each of the three cables. One of the telegraph 
channels is furnished by the direct-current system and 
the other by the carrier-current system using fre- 
quencies above the voice range. In addition to the 
above, a signaling channel required for the operation 
of the telephone channel uses currents of frequencies 
in the voice range. It is possible to employ this range 
since it is not required simultaneously for signaling 
and talking. 

The general method of superposing these channels 
.on the cable and connecting them to the terminal 
apparatus is shown in Fig. 10. As the channels are 
required to operate in both directions, the usual balance 
system is provided for each channel to prevent the 
currents sent out at one terminal from operating the 
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receiving apparatus at that terminal. The balance 
system consists essentially of a “‘bridge transformer” 
and a network of impedance elements designed to 
simulate the impedance of the line for a range of 
frequencies. The bridge transformer is a transformer 
with three windings, from two of which accurately 
located center taps are brought out. This transformer 
is thus suitable for providing a Wheatstone bridge 
circuit in which the two windings having mid-point taps 
serve as ratioarms. The transmitting amplifier output 
is connected to the mid-point taps and the receiving 
amplifier input to the third winding of the transformer. 
With the balancing network adjusted to have an 
impedance equal to that of the line, the transmitting 
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Fie. 10—Compositing ARRANGEMENT AT TERMINALS 


amplifier does not send current into the receiving 
amplifier. 

Filters or selective circuits are placed in the sending 
circuits to insure that the outgoing currents of any 
channel do not contain frequencies which will interfere 
with the other channels, and in the receiving circuits 
to admit only those currents in the proper frequency 
range. 

At the cable hut the submarine cable is connected 
by a 1 to 7 impedance ratio, specially balanced trans- 
former to a two-wire underground cable circuit of No. 
10 A. W. G. (diameter 0.102 inch, 2.6 mm.) conductors. 
Across the cable side of the transformer is bridged a 
No. 13 A. W. G. (diameter 0.072 inch. 1.8 mm.) two- 
wire circuit for the direct-current telegraph channel. 
The No. 10 circuit carries the telephone and the carrier 
telegraph channels to the office. The transformer 
serves to insulate the grounded submarine cable from 
the land cable and thus renders the latter less susceptible 
to interference from power systems. It also steps up 
the impedance of the cable to meet the impedance of 
the telephone and carrier channel terminal apparatus 
and aids in keeping the d-c. telegraph currents out of 
the higher frequency channels. This latter function 
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is assisted by the condenser at the mid-point of the 
eable side of the transformer. 

The telephone and carrier apparatus is connected in 
parallel to the No. 10A.W.G. underground cable 
circuit. Each set of equipment contains a bridge 
transformer which separates the sending and receiving 
circuits. These two bridge transformers are connected 
in parallel both to the cable and to the common balanc- 
ing network so that the sending circuit of either channel 
will not send current into the receiving circuit of the other 
channel. The sending channels are not so balanced 
against each other, but since each contains a filter or 
tuned circuit which presents high impedance to currents 
from the other sending circuit, little current flows from 
one sending circuit to the other. The receiving side 
of the telephone is protected by balance against the 
sending side of the telephone and by both balance and 
selectivity against the sending side of the carrier 
channel. 

The d-c. telegraph channel is also in parallel with 
the telephone channel but is connected to it at points 
different from the carrier channel. The inductance 
coils and condensers in the d-c. channel constitute a 
low-pass filter which transmits frequencies from zero 
to about eighty cycles. This channel has one branch- 
ing arrangement which is designed so.that the receiving 
circuits of the higher frequency channels are balanced 
against both the outgoing telegraph currents and the 
disturbances produced in the relay windings by the 
operation of the relay armature under the actuation 
of the received signals. It has also the second branch- 
ing arrangement in the windings of the receiving relay, 
to separate the sending and receiving telegraph circuits. 
This requires the second balancing network which is 
connected with this relay. 


It will be noted that associated with the main balane- 
ing network shown in the right of Fig. 10 is a duplicate 
of all the apparatus and circuits between the terminal 
apparatus and the submarine cable. The balancing 
network itself is adjusted to simulate the impedance of 
the submarine cable over the range of frequencies 
required for the operation of the telephone and telegraph 
channels, particular attention being paid to have it 
meet this impedance for the range of the telephone 
channel. Because of the degree of uniformity obtained 
in the impedance of the cables, it was possible to get a 
very good simulation with a simple network of three 
impedance elements. If the cables had been less 
uniform it might have been necessary to employ a 
multi-section artificial cable such as is used with long 
submarine telegraph cables. The balancing trans- 
former and artificial underground cable are adjusted to 
match the impedances of the corresponding elements in 
the cable circuit. By this means, it is possible to 
obtain a balance at the terminals of the bridge trans- 
formers which for any frequency in the telephone range 
is within 3 per cent of being perfect, thus making it 
possible to use high amplifications with this channel. 
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The degree of balance is on'y slightly poorer in the 
carrier telegraph range. 

Since the attenuation in the range available for 
carrier telegraph use is greater than that in the tele- 
phone range and the amplifications therefore necessarily 
larger, the land-line carrier telegraph practise was fol- 
lowed in not relying entirely upon the balance to 
prevent interference between the outgoing and incom- 
ing carrier currents but in using different frequencies 
in the two directions with the selective circuit and filter 
in the sending and receiving branches tuned respec- 
tively to these different frequencies. For operation 
from Havana to Key. West a carrier frequency of 3000 
cycles is used and for the opposite direction a carrier 
frequency of 3800 cycles. 

The arrangement of the terminal apparatus in the 
cable hut ‘s shown in Fig. 11. Each of the submarine 
cables is terminated in one of the boxes at the left, which 
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Fig. 11—APpparaTus 


are water-proof. The submarine cable enters the box 
from below, the two cores entering through separate 
bushings. The underground cable circuits from the 
office are brought into the boxes from above. Cables 
also lead from these boxes to the pots,at the right which 
contain the transformers, condensers and inductance 
coils located at the hut. A tie cable enters all the 
boxes from below to make possible cross-connection of 
the circuits and apparatus. 
TERMINAL EQUIPMENT 

Amplifiers and signaling apparatus for the telephone 
circuits and terminal apparatus for the telegraph and 
carrier telegraph channels are provided for each cable 
at the terminal offices in Havana and Key West. Al- 
though these terminal units in general resemble those 
developed for similar uses on land-line telephone and 
telegraph circuits, they differ in many respects because 
of the high attenuation of the submarine cables and 
the different methods of operation required on these 
circuits. 


The general theory and operation of telephone re- 


peaters®, carrier telegraph apparatus’? and vacuum 
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10. Colpitts and Blackwell, loe. cit. 
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tubes" have been described in various publications. 
Those features in which the cable apparatus is similar 
to earlier types will not be discussed here in detail. 

The terminal apparatus was designed, manufactured 
and partly installed before the laying of the cables, 
in order that service might be given as soon as possible 
after they were laid. The design of the apparatus 
was based on the estimated characteristics of the cables 
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but in order to provide for satisfactory operation, in 
case the attenuation and interference should exceed 
the expected values, the terminal apparatus was made 
adjustable over a wide range of amplifications and 
current levels. 


TELEPHONE CIRCUIT 


The telephone channels of the cables are connected 
to the land lines through bridge transformers and am- 
plifiers as shown in Fig. 12. The third winding of 
each bridge transformer is connected through an am- 
plifier to the center points of the line windings of the 
other bridge tranformer, thus forming the two-way, 
two-amplifier repeater circuit generally called a ‘‘22- 
type’’ circuit”. Since a close and constant balance 
has been secured between the cable and its network, 
as pointed out above, the repeater may be worked 
with large gains even when the balance between the 
land line and its network is not close. Such is the case 
in terminating connections where the land end of the 
repeater is connected through the toll switchboard 
to subscribers’ lines, as in calls to or from sub- 
scribers in Havana or Key West, without intervening 
toll lines of considerable length which could be balanced 
more closely. 

Networks are provided to balance the average sub- 
scribers’ lines as well as possible. When the repeater 
is to be connected to land lines of considerable length, 
networks of the general character described in an 


11. Van der Bijl, ‘‘The Thermionic Vacuum Tube and its 
Applications.”” McGraw-Hill Company, New York. 

12. Gherardi and Jewett, loc. cit. 

13. The term “gain’’ is extensively used in telephone and 
carrier practise to indicate amplification and is generally ex- 
pressed in terms of the number of miles of standard cable, the 
attenuation of which it will just neutralize. 
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earlier paper™, which provide a better balance for 
these lines, are used. Such networks are provided 
for use with the circuits extending north from Key 
West and also for use with the toll circuits in Cuba. 
The repeaters combine the operating characteristics 
of “through-line” and “cord-cireuit’’ repeaters. A 
through-line repeater is one which is permanently con- 
nected in a toll line, the whole forming a through-line 
circuit, no part of which is under the control of an 
operator at the repeater station. In a cord-circuit 
repeater the two line ends of the repeater circuit 
appear at the toll switchboard as plugs and this re- 
peater cord circuit may be used to connect toll lines 
which terminate in jacks in the switchboard. Such 
a repeater is arranged so that the gain can be adjusted 
by the toll operator to the value specified for the cir- 
cuits which it is used to connect. In the Key West 
and Havana repeaters the cable bridge transformers, 
the cable balancing networks and the amplifiers are 
permanently connected to the cables, the repeaters 
being thus through-line in character on the cable side. 
The repeaters at Key West on the through circuits are 
permanently connected to the land lines and their 
balancing networks, with certain arrangements for patch- 
ing to be noted below. Such circuits are shown sche- 
matically in heavy lines in the upper part of Fig. 13. 
At Havana, and at Key West on the one circuit ter- 
minated there, the land sides of the repeaters terminate 
in the switchboard, so that these repeaters have some 
of the features of cord-circuit repeaters. These so- 
called “terminating connections’ are shown in sche- 
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matic form in Fig. 14. In the terminating as well as ° 
in the through-line circuits, the gains of the amplifiers 


are adjusted by means of the potentiometers P and P’ 


shown in Fig. 12. These are set at the proper values 


by the repeater attendant. The control at the switch- 


board of the effective gains of the terminating repeaters 
is obtained by means of artificial lines or pads on the 
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line and network sides of the bridge transformers H 
and H’ as shown in the lower part of Fig. 14. 

In the terminating circuits, the land side of the 
repeater appears at the switchboard in both a single- 
jack and a twin-jack termination, as shown in Fig. 14. 
The single-jack termination is used for connections 
to local subscribers’ loops and the twin-jack arrange- 
ment for connection to land toll lines. A call coming 
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over the cable, indicated by the lighting of the signal 
lamp L, is answered with a single-plug toll cord, the 
plug being inserted in the jack H. If the call is in- 
tended for a local subscriber, the other end of the cord 
is plugged directly into the local circuit at the switch- 
board. This circuit is balanced by a _ network 
N designed to balance the average local connection. 
When the circuit is not in use the net work N 
is disconnected and the two equal pads W and 
W’ preserve the proper impedance balance on the 
two sides of the bridge transformer H, so that singing 
in the repeater circuit is prevented. The insertion 
of the cord-circuit plug in the single jack EF’ operates a 
relay which connects the network N in place. When 
connection to the subscriber’s instrument has been 
completed, the current from the central battery through 
his transmitter operates a train of relays which reduces 
the transmission loss introduced by the pads. The 
same change in the pads is produced when the operator, 
by throwing her talking key, causes current to pass 
through her transmitter. If the call is routed to a toll 
line, the connection is made by the insertion of a ‘‘twin- 
plug toll cord” in jacks C and D, which disconnects 

the single jack circuit automatically. The twin plug 
at the other end of the cord is inserted in the jacks 
connected to the desired toll line and its balancing 
network. The circuit of this twin plug toll cord is 
shown schematically in the lower part of Fig. 14. In 
this case the operator may control the effective gain 
of the repeater by a key which changes the number of 
sections in the adjustable pads V and V’. 
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In through-line use of the repeaters both amplifiers 
are continuously supplied with filament current and 
are maintained in operating condition. In cord- 
circuit or terminating use the amplifier which receives 
from the cable is kept in operating condition in order 
that signals may be received. When a connection 
is made through either the singie- or double-jack 
circuits, relays are operated which cause current 
to be supplied to the filaments of the sending amplifier. 
No current is supplied to this filament circuit except 
when a connection is established. ; 

In view of the fact that it may sometimes be desired 
to terminate temporarily at the Key West switchboard 
any one of the through-line circuits, the repeater 
circuits have been arranged to facilitate this. It 
will be noted in Fig. 13 that the through-line circuits 
pass through a group of jacks. These are located in 
the ‘‘jack panel,’ a unit in which are terminated all 
the principal circuits associated with the cable. When 
the connections indicated by the dotted lines are made 
the resulting circuit is the same as that of Fig. 14. 

In order to protect the telephone apparatus against 
interference due to the telegraph channels, a filter 
system is connected in the telephone circuit between 
each amplifier and the cable bridge transformer. The 
filter in the receiving branch (Fig. 12) freely passes the 
range of frequencies (250 cycles to 2300 cycles) assigned 
to the telephone channel and greatly attenuates cur- 
rents of all other frequencies. The filter in the send- 


Fig. 15—TrLerHone REPEATER Panets, JAcK PANEL AND 
TESTING PANELS 


ing branch prevents the passage of currents of fre- 
quencies which would interfere with the carrier tele- 
graph channel. 

The amplifiers, filters and other equipment of each 
repeater are mounted in a unit panel. These, together 
with the panels containing the terminal equipment 
associated with the otker communication channels, are 
arranged in a double row in each terminal office. 
One of these rows is shown in Fig. 15. Four of the 
panels, two at each end, are repeater units, three of 
these being associated with the three cables. Owing 
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to the importance of these circuits a spare unit has been 
provided to insure against interruption of service. 


SIGNALING SYSTEMS 


The signals for the telephone channels are transmitted 
over the cables by a “voice-frequency” signaling system, 
which involves the generation, transmission and re- 
ception of an alternating current, the frequency of 
which changes abruptly from 950 cycles to 1300 cycles 
and back, this alternation of frequencies taking place 
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at the rate of 16 cycles per second. Signals are trans- 
mitted over the land lines north from Key West and 
over the toll lines terminating at Havana by means of 
the usual 135- and 16-cycle currents. 

By means of a ringing key in the toll cord circuit, 
the operator at one end of the cable causes the voice- 
frequency current described above to be sent out by 
the signaling oscillator, a vacuum-tube oscillator of 
the usual type arranged so that the capacity in the 
oscillating circuit is changed 32 times a second. This 
sends out alternately currents of the two different fre- 
quencies through the sending amplifier B (Fig. 14) to 
the cable. At the other end of the cable these currents 
flow into the receiving side of the repeater and through 
the amplifier A. If the telephone circuit is terminated 
at this point, part of the amplified signaling current 
passes into the receiving circuit for voice-frequency 
signals as can be seen from Fig. 14. 

The details of the voice-frequency signal receiving 
circuit are shown in Fig. 16. The input impedance 
of this circuit is high so as to produce no appreciable 
loss in the telephone transmission circuit across which 


it is connected. The incoming signaling currents are . 


amplified by the tube 7, from which they pass into 
the high resistance R. Connected in series across this 
resistance are two tuned circuits 7C, and TC, of 
which one is tuned to 950 cycles and the other to 13800 
eycles. Each tuned circuit is connected through a 
transformer to the input side of a vacuum-tube recti- 
fier. The grids of the tubes 7, and 7; are made just 
sufficiently negative by means of the batteries B, and 
B; so that there is normally no current flowing in the 
plate circuits of the tubes. The tubes thus function 
as detectors of incoming currents. When 950-cycle 
current is impressed on the circuit TC, a voltage is 
applied to the grid of tube 7’, causing current to flow 
through the relay winding W;. The next instant 
rectified 1300-cycle current passes through winding W». 
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The armature A of the polarized relay then vibrates 
back and forth at the rate of 32 times a second, thereby 
interrupting the current through the relay V. The 
armature of this relay therefore falls back, lighting 
the signal lamp L (Fig. 14) at the switchboard. 


In the through-line circuits at Key West, such as 
the Havana-New York circuit, as shown in Fig. 13, 
the voice-frequency signaling current coming from 
the cable causes 135-cycle signaling current to be sent 
out automatically on the north-bound land line by a 
special type of ‘“‘composite ringer” indicated in the 
upper right-hand part of this figure. The voice fre- 
quencies are received by a circuit similar to that just 
described and operate a relay which connects a gene- 
rator of 185-cycle current to the land toll line, thus 
sending out this type of signaling current to call the 
distant operator. In through-line calls from the north 
135-cycle current.is sent over the land toll line to Key 
West. Here it enters the composite ringer and operates 
the voice-frequency sending set which puts on the 
cable the voice-frequency currents described above. 
These currents are received at the Havana toll office 
in the circuits shown in Figs. 14 and 16 and cause the 
operation of the signal lamp L at the toll board. 

The receiving circuit for voice-frequency signals 
which is used in the case of terminating connections 
is included in the repeater unit. The composite ringers, 
which in the case of through-line circuits effect the 
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change from voice-frequency signaling on the cables 
to 135-cycle signaling on the land lines, are mounted 
on the upper right-hand side of the relay rack shown in 
Fig. 17. Below the composite ringers are two oscillator 
sets. for furnishing the 950- and 1300-cycle currents 


16 
for telephone signaling over the cable, one of these 
being a spare unit. 


CARRIER TELEGRAPH 


A earrier telegraph terminal unit is permanently 
associated with each cable at both the Key West and 
Havana Offices.: The circuits in the units used at 
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the two terminals are the same, with the exception 
of the filters in the receiving branches. The carrier 
panels and their location with respect to the other appa- 
ratus are shown in Fig. 18. The four units containing 
vacuum tubes at the left of the row are the carrier 
telegraph units, one being a spare unit. 
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The operation of the carrier telegraph channel may 
be stated briefly as follows: Direct-current telegraph 
signals received from a subscriber’s loop or other land 
line, actuate the sending relay in the carrier set, causing 
the oscillator to send through the cable high-frequency 
alternating current, interrupted in conformity with the 
signals. This alternating current enters the carrier 
receiving circuit at the other cable terminal, is rectified 
and actuates the receiving relay which sends direct- 
current telegraph signals into the associated land 
circuit, 

The arrangement of the complete carrier terminal 
circuit is shown in Fig. 19. The details of carrier 


MARTIN, ANDEREGG AND KENDALL 


Transactions A. I. E. E. 


telegraph circuits have been described in an earlier 
paper'® and only the outstanding features will be men- 
tioned here. The armature of the sending relay'® 
is normally held against the contact a. Under this 
condition the oscillator transmits a steady high-fre- 
quency current through the amplifier and tuned circuit 
to the cable. When a “spacing” signal.is transmitted 
over the subscribers’ sending loop, the armature of 
the sending relay moves to contact b which shunts 
the sending amplifier, interrupting the flow of high- 
frequency alternating current to the cable. A “mark- 
ing’ signal causes this armature to move to contact a, 
thus sending the high-frequency current out upon the 
cable. The sending relay, therefore, causes the signals 
transmitted over the land line by direct current to be 
converted into pulses of alternating current which 
are sent into the cable. 

The outgoing high-frequency current passes through 
a two-stage amplifier, the last stage of which consists 
normally of one vacuum tube, either No. 7 or No. 8 
in Fig. 19. By means of a switch at the carrier panel, 
the second tube may be connected in parallel with 
the first to increase the current. The output of the 
transmitter is controlled by the interstage potentio- 
meter P. The current from the amplifier passes 
through a single tuned circuit 7'C in Fig. 19, which 
can be accurately tuned to the frequency of the out- 
going current by means of the adjustable condenser C2. 
The frequency of this current is controlled by the 
adjustable condenser C,; in the oscillator circuit. 

At the other terminal of the cable the 
high-frequency alternating current passes 
through the bridge transformer and _re- 
celving filter. Since the attenuation of 
the cable for the carrier currents is high, 
the received current is passed through 
a multi-stage amplifier before it reaches 
the detector which rectifies it and causes 
it to operate a sensitive receiving relay. 
As shown in Fig. 19, the receiving relay 
retransmits the signals by means of direct 
current over the subscriber’sreceiving loop. . 
The receiving circuit differs from that 
used in land earrier telegraph systems in 
the following features: Instead of the 
usual double tuned circuit for selecting 
the proper frequency, a narrow-band, highly selec- 
tive fixed filter is placed before the amplifier. The 
gain attainable in the receiving amplifier is much 
higher than is provided in land-line systems. When 
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16. For clearness and simplicity in showing the relation of 
the relays to the telegraph circuits the conventional represen- 
tation of relays shown in Fig. 19 has been used in this paper. 
It is to be understood that the windings shown within the circle, 
act to magnetize the armature which moves back and forth 
between the poles of a permanent magnet, its position at any 
time depending upon the polarity of the resultant magnetism 
in it. 
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less than the full gain is required tube’ No. 1 can be 
cut out by means of a key. 

The sending and receiving carrier telegraph circuits 
work directly into subscribers’ loops at Havana. In 
through-line traffic, which is the only type of telegraph 
traffic now required at Key West, the carrier circuits 
are arranged to operate standard land-line duplex 
telegraph sets. The d-c. telegraph circuits from the 
carrier apparatus pass through jacks in the morse boards 
for convenience in connecting them to any desired land 
lines or subscribers’ loops. 

The arrangement of Fig. 19 is that used for full- 
duplex operation, that is, when it is desired to transmit 
messages simultaneously in both directions over the 
cable. By means of a switch on the carrier panel 
the circuit may be adapted to half-duplex operation. 
In this case, messages can be transmitted over the cable 
in both directions but not simultaneously. 
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DIRECT-CURRENT TELEGRAPH ~ 


A direct-current telegraph unit is permanently con- 
nected at each end of each cable as a repeater of tele- 
graph signals between the submarine cable and a land 
circuit. The four units at the right of Fig. 18 are the 
direct-current telegraph panels, one being 4a spare 
unit. A schematic diagram of the direct-current 
telegraph circuit arranged for repeating between the 
submarine cable and subscriber’s loops, is shown in 
Fig. 20. This figure shows the arrangment for full- 
duplex operation over the cable. 

In this telegraph circuit the separation of the send- 
ing and receiving branches is accomplished by the main- 
line receiving relay, which in its relation to these 
branches functions like a bridge transformer. Out- 
going signals to the cable divide at the points 7’, half 
the current passing through coils 1 and 2, and the other 
half passing through coils 3 and 4. These coils are 
wound so that with a good balance between the balancing 
network and the circuits on the opposite side of the 
relay, the armature A is not actuated by the sending 
currents. It is evident, however, from Fig. 20 that 
incoming signals from the cable will produce an addi- 
tive effect in passing through the relay coils and operate 
this relay. 

The network K balances, for the frequencies involved 
in direct-current telegraph operation, the impedance 
between the points S and S’. Reference to Figs. 10 
and 20 shows that this includes the two halves of the 
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filter G in parallel, the cable and the cable balancing 
network as well as the impedance at these frequencies 
of the telephone and carrier apparatus. The network 
contains a fixed portion to balance the filter G and an 
adjustable portion to balance the cable and the asso- 
ciated equipment just mentioned. The balance can 
be tested by observing the differential milliammeter C 
(Fig. 20) as signals are transmitted from the sending 
branch. 

Signals coming from the subscriber’s sending loop 
operate the sending relay which acts as a pole-changer 
to reverse the polarity of the 10-volt battery applied to 
the cable, in conformity with these signals. The low- 
pass filters F and G transmit freely all frequencies below 
about 80 cycles but practically prevent the passage 
of higher frequencies. They thus allow free passage 
of those components of the sending currents which 
are necessary for the operation of this system, but 
suppress those which might cause interference in the 
telephone and carrier channels. 

A feature of the receiving branch is the tandem 
connection of receiving relays. Incoming signals ~ 
from the cable actuate the sensitive receiving relay 
No. 1 and, as shown, in Fig. 20, the operation of this 
relay in turn actuates the receiving relay No. 2. 
The armature of receiving relay No. 2 acts as a pole- 
changer to transmit signals to the receiving loop. The 
larger energy available for the operation of this relay 
enables it to commutate successfully the compara- 
tively heavy currents which are transmitted into the 
land line. The networks connected between the arma- 
ture and the contacts of receiving relay No. 2 operate 
to suppress sparks at break. The purpose of the trans- 
former B is to quicken the action of the receiving relays. 

The circuit as shown in Fig. 20 and described above 
is adapted to working into two loops for a local tele- 
graph subscriber. Apparatus equivalent to a standard 
duplex set is provided in the telegraph panel so 
that by throwing a switch, the set may be 
adapted to duplex operation over a land line. This is 
the condition at Key West where all the telegraph 
circuits are continued northward. Switches are also 
provided in the panel for adapting the circuit to half 
duplex operation instead of full-duplex operation. 

The sending loops, the receiving loops and the 120- 
volt batteries of the land sides of the direct-current 
telegraph units are connected through jacks in the 
standard Morse Boards so that they may be available 
for cross-connecting or testing. 


AUXILIARY EQUIPMENT 

A jack panel and two testing panels in each terminal 
office provide means for testing the circuits and terminal 
apparatus and for changing their connections. The 
jack panel contains a system of jacks to which all 
circuits are connected and on which are terminated 
all important pieces of equipment such as amplifiers, 
filters, networks and bridge transformers. The testing 
panels contain an oscillator for supplying testing currents 
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of telephone and carrier frequencies, transmission 
measuring apparatus for testing the telephone re- 
peaters and circuits, apparatus for testing the balance 
of the networks and lines, thermocouples and meters for 
measuring the carrier currents, a frequency meter for 
testing their frequencies and apparatus for testing 
the efficiency of the carrier terminal sets. In Fig. 15 
the jack unit is at the middle of the row of panels, 
with a testing unit on each side. 

A 24-volt storage battery furnishes current for the 
filament circuits of all the vacuum tubes in the tele- 
phone repeaters, carrier telegraph panels, ringer circuits 
and testing apparatus. Positive and negative 120- 
volt batteries are provided for the standard duplex 
sets and for the local circuits of the carrier and direct- 
current telegraph sets. The positive 120-volt battery 
also furnishes plate current for all vacuum tubes. 
Grid potentials for the vacuum tubes are derived from 
a small capacity 60-volt storage battery. A number 
of 10-volt batteries are provided for the direct-current 
telegraph circuits over the cables. All batteries are 
charged from the local power mains through mercury 
are rectifiers, with gas-engine-driven generators for 
charging in case the electric power supply fails. Bat- 
tery circuits for supplying the terminal equipment pass 
through control apparatus mounted on the relay rack 
shown in Fig. 17. On the two sections at the left 
are rheostats for adjusting the filament currents of 
the vacuum tubes, with associated relays and resistances 
in these circuits, and also meters for measuring the 
filament and space currents and the voltages used. 
Another rack, not shown, carries the fuses and other 
protective equipment associated with the power supply. 


OPERATION 


The relation between the total transmission equiva- 
lent of the telephone channel over the cables, the avail- 
able gains in the terminal amplifiers and the balance 
obtained between the cables and the balancing equip- 
ment was such that this channel could be operated at 
an efficiency materially higher than that required for 
connections terminating in Havana and Key West 
and also over a large range of current levels. As the 
cables were to be used in general as links in long circuits, 
the operating adjustments which were finally adopted 
were set rather by the circuits as a whole than by the 
cables. One of the cables was connected at Key West 
to a land line to form a direct New York-Havana 
circuit, a second cable to form a direct Jacksonville- 
Havana circuit and the third was arranged for a Key 
West-Havana circuit. 

The New York-Havana circuit was set to have a 
transmission equivalent of 12 miles of standard cable. 
As the New York-Key West section has an equivalent 
of 10 miles, the net equivalent of the cable and terminal 
apparatus is only two miles. The Jacksonville- 
Havana circuit was set at 11 miles and the Key West- 
Havana at 10 miles. Switching through New York, 
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operating equivalents are obtained for Havana-Chicago 
connections of approximately 16 miles and for Havana- 
San Francisco!” of 20 miles. In addition to the sub- 
marine cables, the Havana-Chicago circuit contains 
2453 miles (3940 km.) of land line and the Havana- 
San Francisco 4790 miles (7700 km.) . 

With these equivalents, satisfactory commercial con- 
nections can be established not only from Havana to 
points on the eastern part of the United States, but also to 
the Pacific coast. The application of repeaters to the 
Cuban toll lines makes it possible to establish commercial 
connections from points along the island to points in 
the United States. While the majority of the telephone 
connections over the cables have been for calls between 
New York and Havana, commercial calls have been 
handled satisfactorily to points all over the United 
States, such as Boston, Washington, Chicago, St. Louis, 
San Francisco, New Orleans and Atlanta, also to 
Toronto and Montreal in Canada, and to points in 
Cuba such as Matanzas, Sagua, and Santiago. The 
traffic between New. York and Havana has been so 
large at times as to require two of the cables to be used 
in direct New York-Havana circuits. 

The d-c. telegraph channels operate so well that their 
connection to land-line telegraph circuits from Key 
West to New York does not appreciably affect the maxi- 
mum speed of the circuit. The carrier-current tele- 
graph channels are good enough for the operation of 
four channel multiplex printers if it should be desired 
to use them for such service. : 

In planning this cable system it was intended that a 
demand for more telegraph facilities would be met by 
increasing the number of carrier channels per cable. 
As has been noted, the initial apparatus and land 
connections provided for the commercial operation of 
only six telegraph channels, one d-c. and one carrier 
channel per cable, on the basis that this number would 
meet the initial service requirements. In order, how- 
ever, to obtain information regarding the operation 
of additional carrier channels and to provide spare 
telegraph facilities in case of cable failures, a fifth 
carrier telegraph set was provided at each terminal, 
together with special receiving selective circuits. With 
this apparatus three carrier telegraph channels were 
successfully operated over one cable, using frequencies 
up to 4200 cycles, for which the equivalent of the 
circuit between the terminal offices is 48 miles. It is 
possible that this number of channels can be further 
increased. The present arrangement of the carrier 
telegraph apparatus makes it possible, therefore, to 
carry six telegraph channels over two cables or four 
over one cable. This will prove very useful in main- 
taining service in case of cable failures. 


17. The transcontinental line has been improved since the 
publication of the paper “Telephone Repeaters,’ Gehrardi and 
Jewett, Trans., A. I. E. E., 1919. The transmission equivalent 
of the New York-San Francisco circuit is now approximately 
twalve miles, 
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At the time of the opening of service over these 
cables under the auspices of the Pan American Union, 
greetings were exchanged between the President and 
other officials of the United States at Washington and 
the President and officials of the Cuban government at 
Havana. In connection with this demonstration, the 
circuit was extended through New York and San 
Francisco to the Island of Santa Catalina, off the coast 
of California, in the Pacific Ocean. As this island is 
connected to the mainland by radio telephone'’, this 
connection, 5470 miles (8800 km.) in length, involves 
the radio connection through the air, a 5322-mile land 
line across the United States and the submarine cable 
from Key West to Havana. This. circuit containing 
twenty-five telephone repeaters illustrates the possi- 
bilities of the present state of development of telephony. 

The work described in this paper involved the appli- 
cation of ideas from practically all branches of the 
telephone and telegraph fields and from a number of 
organizations. The Western Electric Company was 
retained by the Cuban-American Telephone and Tele- 
graph Company as engineers and purchasing agents for 
the cables and to manufacture and install the terminal 
apparatus. The Cuban Telephone Company retained 
as consulting engineer Sir William Slingo, who also 
assisted the Western Electric Company in the inspec- 
tion of the cable during the manufacture and laying. 
The electrical design of the cables, the method of 
operation, the design and arrangement of the terminal 
apparatus and the adjustment of the system for opera- 
tion were the work of the engineers of the American 
Telephone and Telegraph Company and the Western 
Electric Company. The Telegraph Construction and 
Maintenance Company, Limited, of London, which 
manufactured and laid the cables, was largely respon- 
sible for the mechanical features of the cables, such as 
the design of the armoring for the different depths of 
water involved and the arrangement of the copper 
tapes. The recommendations of the engineering firm 
Clark, Forde and Taylor, retained by the Western 
Electric Company,were obtained on many of these 
matters including the routes to be followed. 


Discussion 

Bancroft Gherardi: The two questions that required much 
care and thought in the design of this cable were, first—shall 
the cable be continuously-loaded or coil-loaded, and, second, 
shall it be a single or a multi-conductor construction? There 
were serious questions involved in each. In the first place, as 
to the loading. Coil-loading is in many respects more efficient 
than continuous-loading, because with coil loading, you can get 
practically any inductance per mile that you desire, and so you 
ean, within very considerable limits, increase the efficiency of 
the circuit. With continuous-loading, however, there are very 
sharp limitations on the possible inductance per mile that can 
be attained with any practical contruction. As we saw the 
problem at that time, and as we still see it, the coil-loading would 
have been chosen, for electrical reasons, but it presented most 
formidable mechanical difficulties. In the first place, the mak- 


18. Clement, Ryan and Martin, “The Avalon-Los Angeles 
Radio Toll Circuit.” Proc. I. R. E., Dee. 1921. 
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ing of a cable of that kind, interrupted periodically by coil cases 
and coils, and laying it in deep water was a very formidable 
matter. In the next place, the maintenance of the cable would 
necessarily be complicated by having points of discontinuity. 
The attachment of the cables to the coil eases and the coil cases 
themselves would necessarily be elements of weakness. This 
weakness is not serious in a land eable, as trouble, if it occurs in a 
land cable, can be cleared in a few hours. On the other hand, if 
trouble develops in a cable of the kind in question, it may be 
weeks and under bad weather conditions and unfavorable loca- 
tion of cable ships, it might be months before the trouble could’ 
be cleared. The coils were, therefore, excluded for mechanical 
reasors. 


The other question was the one of the single-conductor versus 
the multi-conductor cable, and this brought up a related question 
that of one cable versus several cables. 

These questions, as you see, are tied right up with each other. 
The single-conductor cable necessarily meant grounded-circuit 
operation. In the case of the metallic cireuit cable, the obvious 
method of operation would be to build probably a cable of four 
wires and undertake to operate two physical metallic circuits, 
and possibly a phantom circuit, with a more remote possibility 
of getting a fourth cireuit, that is, a grounded phantom cireuit 
from the combination. 


The choice finally was determined by the consideration that we 
could not afford to put all of our eggs in one basket, as we might 
lose the whole cable at one time. Therefore the alternative of 
three separate cables was chosen, although it required a great 
deal of study and investigation as to the general question of 
the grounded cireuit operation of cables of that character, and 
their eperation under the particular conditions existing between 
Key West and Havana. Our investigation satisfied us that 
we could safely count on that method of operation. 

These investigations were very extensive and very carefully 
made. We satisfied ourselves that the cable itself, and the 
service from it with any degree of amplification we would wish 
to place on it, would be satisfactory. 


William McClellan: What effect is long distance wireless 
communication going to have on long distance telephone? At 
present there is a certain lack of secrecy which our customary 
long distance lines give in part at least. 


Bancroft Gherardi: I will be glad to say a word in answer 
to the question which has been asked. The matter of utilizing 
wireless in that connection was very carefully considered at the 
time the cables were being considered and it has been reconsidered 
recently in this form—if we were to do the job again, would we 
do it by means of wire or wireless? In each case the answer 
has been the same. Most of the communication has been on 
business, matters—particularly last spring, and to a certain 
extent this fall, there were a number of very serious financial 
failures avoided by the use of the cables. These were matters 
which required prompt communication with a considerable 
number of different institutions, and if action was not taken in 
twenty-four hours there would be a financial failure, and there: 
was a situation in Cuba in which a few failures might start 
things going and create a very much more serious state of affairs 
than the one which actually existed. 

Obviously. wireless communication, certainly in the present 
state of the art, would have been entirely unsuited for such 
service. 


The mere mention of such topics in the air, the broadeasting 
of such questions as were discussed in these communications 
would create the effect which it was desired to avoid. But 
excluding altogether the matter of secrecy, and excluding alto- 
gether the matter of interference, atmospheric or otherwise, 
we have thus far been unable to figure out how we could give an 
equally extensive and dependable serviee and give it as cheaply 
by means of radio across that distance, as we can by means 
of the cables. 
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The history of the development of the subject is first outlined, and methods of operation of cables are described. 
The technical side is introduced with a statement of the various conditions whi h limit operation of cables, and a general 


method of analysis is developed, based upon an extension of ordinary alternating-current theory. 


The theory is made 


use of to analyze the action of cable types and of apparatus which at this time can be regarded as standard. The funda- 
mental theory of the method of analysis, with information on the calculation of transients in electrical circutts, is given 


in the Appendiz. 


HISTORICAL 


HE feasibility of submarine cable telegraphy was 
=: suggested by Salva, a Spaniard, as early as 1795. 
The first actual experiment seems to have been 
made in 1803. In the period covered by the next 
forty years, numerous experiments were carried on in 
different parts of the world for the purpose of demon- 
strating the possibility of submarine telegraphy. In 
1842, Morse transmitted signals over a short section 
of insulated wire laid in the New York Harbor. The 
conductor used in this experiment was insulated by 
covering it with hemp soaked in tar and pitch, and 
surrounding this with india-rubber. The introduction 
of gutta-percha as an insulator and the invention of a 
machine for applying it to wire, gave a decided impetus 
to the experiments being carried on. 

The first commercial attempt to establish electrical 
communication by submarine cable was in 1850, when 
a cable was laid between England and France. This 
cable was broken, however, shortly after communica- 
tion was established. The cable used in this attempt 
consisted of a No. 14 copper wire’ surrounded 
by gutta-percha to a thickness of one-half inch. The 
failure of this cable due to its physical weakness led to 
the design and laying of an improved type between 
Dover and Calais in 1851. This cable consisted of 
four No. 16 copper wires, each covered with two 
layers of gutta-percha to the size of No. 1 gage. These 
insulated wires were armored with ten No. 1 
galvanized iron wires wound spirally. This cable 
proved to be successful, and in the next few years a 
number of cables was laid between England and 
adjacent shores, between Denmark and Sweden, and 
in the Mediterranean Sea. 

The first attempt to lay a cable across the Atlantic 
was in 1857. This attempt ended in failure when the 
cable broke in 2000 fathoms of water, at a point about 
350 miles west of Valentia, Ireland. As at that time 
there were no means of recovering a cable in deep water 
this project was abandoned. In August 1858 the same 
company, The Atlantic Telegraph Company, completed 
the laying of a cable. This cable was operated for 
about three months, when it became interrupted, and 
no attempt was made to repair it. In the years 1865 
and 1866 The Atlantic Telegraph Company laid two 
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new cables. The first cable broke when it was about 
two-thirds laid. The second cable was then success- 
fully laid, and soon afterward the end of the first cable 
was picked up with much difficulty and its laying was 
completed. These cables were operated with no 
competition until 1869 when the French Atlantic 
Telegraph Company opened a cable for traffic. With 
the success of the Atlantic cables established, the 
growth of submarine cable systems was rapid, until 
in 1914 there were seventeen cables across the Atlantic 
between North America and Europe alone, and there 
was then an aggregate of about 2000 cables in the world, 
comprising a total length of over 300,000 miles. 

The use of gutta-percha as an insulator was adopted 
at the very inception of submarine cables, and it is 
still almost universally used for long cables. 


The necessity for a protective armor for submarine 
cables was demonstrated by the failure of the first 
cable laid in the English Channel. Since that time 
cables have been provided with a protective armor 
consisting of a number of iron or steel wires wound 
spirally around the core. The design of the armor was, 
of course, changed from time to time as experience 
demonstrated the desirability of improvement. 

Even - before the first Atlantic cable was laid it 
was realized that a very sensitive instrument would be 
necessary for the successful reception of signals on 
long cables. Early in. 1858 Prof. William Thomson, 
later Lord Kelvin, perfected an invention that was 
destined to fill this need. This instrument known as 
the mirror galvanometer, consisted of a small perma- 
nent magnet, with a small mirror fixed to it, suspended 
by silk fibers and surrounded by a coil of fine wire. 
By reflecting a light from the small mirror to a screen, 
a greatly magnified image of the coil movement was 
obtained. When the 1858 cable was completed, tests 
showed that signals transmitted with a battery of 
Daniell cells could be successfully received with the 
mirror galvanometer. However, when the cable was 
turned over to the electrician for working, he, believing 
that a high voltage was best suited for signaling, used 
a large induction coil, excited by a battery, which 
yielded a potential estimated at about 2000 volts. 
Under the strain of this voltage, the insulation began 
to break down and the signals gradually failed. The 
mirror galvanometer and Daniell cell battery were then 
substituted and the cable was successfully worked for a 


Feb. 1922 


short time until the cable finally failed completely. 
It was the opinion at that time that the high voltage 
used at first had partly broken down the insulation of 
the cable, and that the faults thus opened gradually 
became worse until the insulation failed completely. 
The mirror galvanometer, with improvements from 
time to time, was used universally on long cables for a 
number of years. In 1867 the siphon recorder was 
invented. This instrument, which had the advantage 
of supplying a permanent record of the signals as re- 
ceived, gradually replaced the. mirror galvanometer, 


and in its improved forms it is now largely used in the 


operation of long cables. Previous to 1871 cables 
were operated in one direction only, but in that year 
the duplex system was introduced, which permits the 
use of the cable for simultaneous transmission in both 
directions. Other more recent. developments of opera- 
ting apparatus include cable relays, automatic trans- 
mission, and cable magnifiers, the latter being intro- 
duced about 1908. These developments will be 
described later. 

The maximum operating speed of the 1858 cable 
before it failed was about 15 letters per minute. When 
the cable was first opened it required about thirty hours 
to transmit a message of 150 words from President 
Buchanan to Queen Victoria. It is interesting to 
note that at that.time the minimum rate on a message 
from New York to London was £20 for a twenty-word 
message and £1 for each additional word. From that 
time until the present, improvements in the cable 
systems have been such that it is now possible to 
duplex a good Atlantic cable with an operating speed 
of 300 letters per minute each way; and the operating 
economies effected have been such that the maximum 
cable rate between New York and London is now 
twenty-five cents per word. 


CONSTRUCTION AND LAYING OF CABLES 


The make-up of a typical deep-sea submarine cable 
is shown in Fig. 1. The conductor is made up of 
stranded copper wires, or of copper strips. The actual 
size of the conductor and of the insulation is determined 
by the operating characteristics desired. 

As previously stated, the insulation generally used 
in submarine cables is gutta-percha. Gutta-percha is 
derived from the milky sap of gutta trees. The sap 
of several different species of trees is suitable for con- 
verting into gutta-percha, the quality of the gum from 
some species being better than that from other species. 
These trees are found principally in the Malay Islands 
and Peninsula and in Borneo. The sap is collected 
from incisions in the bark of the living tree, or by strip- 
ping the bark. The gutta is roughly cleansed after 
its collection, and is coagulated into solid cakes in 
which form it is imported. In the manufacture of the 
finished product, the gutta must be further purified 
and treated before it is suitable for use as insulation. 

Another form of insulation, known as “balata’’ or 
“gutta-balata,” is derived from the sap of a species 
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of trees found in some parts of South America. This 
has been used in combination with gutta-percha in 
short telephone cables, and possesses distinct advan- 
tages for that purpose. The possibility of using balata 
for long submarine telegraph cables has been suggested. 

Rubber has also been used for insulation of submarine 
cables, notably for the cable connecting the United 
States and Alaska. This material is somewhat inferior 
to gutta-percha for the purpose. 

It is necessary to protect the gutta-percha from 
damage by the iron sheathing by placing some sort of a 
cushion between them. In modern cables this cushion 
is generally made up of several layers of jute. Jute 
consists of the bark fibers of two plants called the 
“chouch” and “‘isbund,’’ extensively cultivated in 
Bengal. The jute is usually tarred or tanned before 
being used on a cable. 

In order to protect the core of the cable from damage 
after being laid, it is necessary to provide a layer of 
sheathing or armor wires. These wires also serve to 
support the cable while being laid, and in case it is later 
necessary to lift the cable for repairs. The design 
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depends upon the type of cable—whether deep-sea, 
intermediate, or shore-end—and in general consists 
of a number of galvanized iron or steel wires wound 
spirally. The shore-end types of cables may have two 
layers of sheathing wires. As a preservative, the 
sheathing is covered with a layer of jute. _ 

The route for the cable is so far as practicable chosen 
to avoid deep water, sudden changes in depth, and 
rocky bottoms. The greatest depth of transatlantic 
cables is 2.9 statute miles; across the Pacific the cable 
depth reaches 3.4 miles. 

The manufacture of submarine cables has been largely 
a British industry due to their early interest in and need 
of a communication system between the various parts 
of the Empire. The Alaskan Cable is the only long 
submarine cable that has been manufactured in the 
United States. 


MODERN OPERATION AND APPARATUS 


The following description of apparatus used in 
regular operation of cables does not aim at being 
complete. Many devices are developed from time to 
time for application to cables; some. of these are of 
permanent value and others are of only passing in- 
terest. It is the purpose to describe here only some 
of the important appliances which may be regarded 
as standard. 

Duplex Operation. Generally speaking, a greater 
output can be obtained by duplex operation of a cable 
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than by operating in one direction only. Accordingly, 
cables are ordinarily worked duplex except in cases 
where it is impossible to maintain a_ satisfactory 
duplex balance. 

In order to duplex a cable, it is necessary to provide 
some arrangement by which the receiving instrument 
is not responsive to outgoing signals, while at the same 
time it must respond to signals coming from the distant 
end. There are two common methods of duplexing a 
communication circuit, both of which involve the use 
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of an artificial line. These two methods are illustrated 
in Fig. 2. 

In the differential system of duplexing, the coil of 
the receiving instrument has two separate windings. 
These are so joined to the cable circuit that in trans- 
mitting, the currents in the two windings are equal 
in magnitude and opposite in direction, thus causing 
no effect in the local receiving instrument; while currents 
from. the distant station pass through the two coils 
in the same direction, and cause the receiving instru- 
ment to respond. 

The bridge method of duplexing employs the prin- 
ciple of the Wheatstone bridge, and is almost univer- 
sally used for cable working. There is some latitude in 
the arrangement of the bridge; thus the two condensers 
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may be replaced by resistances or by inductances—the 
latter arrangement being used by some cable companies. 
Another plan is to use condensers shunted by high 
resistances. The use of condensers appears to have 
advantages for high-speed working of cables, in that 
it results in better shaped signals. 

The Standard Cable Code. The continental Morse 
code is mostly used for operation of submarine cables. 
The method of distinguishing dots and dashes is 
ordinarily different, however, from that in land-line 
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or wireless telegraphy. In land-line or wireless opera- 
tion the difference between dots and dashes is one of 
duration, the dash being about three times as long as 
the dot. In submarine telegraphy the dots and dashes 
are of the same duration but of different polarity. 
Dots are formed by applying positive potential to 
the cable; dashes by applying negative potential. The 
spacing intervals are obtained by earthing the cable, 
the zero interval between letters being one unit, and 
between words usually three units. Fig. 3 shows the 
alphabet as received on a siphon recorder tape. 

Transmitting Apparatus: The Cable Key. For signal- 
ing on the cable it is necessary to apply positive, 
negative or zero potential to the sending end of the 
cable in various combinations as explained above. In 
manual signaling a special double-lever key known as 
the cable key is used. This is shown in theory in Fig. 2. 
In the normal position of the cable key, both levers are 
up, thus grounding the cable. When the dot lever 
is depressed, positive potential is applied to the cable, 
and when the dash lever is depressed negative poten- 
tial is applied to the cable. 
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Manual transmission is employed chiefly in con- 
versations between stations relative to the operation 
of the circuit. 

The Automatic Transmitter. In handling commercial 
messages a motor-driven automatic transmitter is 
commonly used in place of manual transmission. 

A paper tape is first prepared with perforations cor- 
responding to the message to be transmitted. A 
sample of this tape with perforations corresponding to 
the letters of the alphabet is shown in Fig. 4. The tape 
is passed through the automatic transmitter at the 
desired speed. The keys shown in Fig. 2 are con- 
trolled magnetically from contacts in the transmitter, 
these contacts in turn being operated in correspondence 
with the perforations in the tape. 

A device known as a perforator is used in preparing 
the paper tape. The modern perforator has a keyboard 
similar to an ordinary typewriter and is operated 
similarly. An electrical solenoid furnishes the power 
for punching the holes, and the tape is automatically 
stepped forward. 

Receiving Apparatus: The Siphon Recorder. This in- 
strument is generally used in the recording of received 
cable signals. It is in principle a D’Arsonval gal- 
vanometer, with a moving coil suspended between the 
poles of a strong magnet (Fig. 5). The coil is in the 
form of a rectangle, a common size being 6 cm. long and 
1.8 em. wide. The coil may be wound to have 500 to 
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800 ohms resistance. The coil controls the movement 
of a fine glass siphon pen supplied with ink. The move- 
ments of the pen are recorded on a paper tape drawn 
at uniform speed beneath the siphon. The coil and 
siphon are separately mounted, and are connected by 
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silk fibers arranged to magnify the motion of the coil. 
To reduce friction between the siphon and the tape, 
the siphon is vibrated vertically with respect to the 
tape. This is accomplished by an electric buzzer ar- 
rangement, the armature of which is connected to the 
siphon by a silk fiber. 

The coil and the siphon are suspended by fine wires 
the tension of which may be varied, thus permitting 
the natural period of the moving system to be adjusted 
according to the speed of the incoming signals. For 
the recording of well-shaped, undistorted signals, it is 
necessary that the coil return to its zero position quickly 
when the current flow ceases, and it is also necessary 
that the coil shall not swing beyond its zero position. 
It is sometimes necessary to provide damping for the 
moving system, which may be accomplished electro- 
magnetically by having the coil shunted with a: high 
resistance, or may be secured by having a small alum- 
inum vane attached to the coil and moving in oil. 

A siphon recorder gives a readable signal when 
actuated by from 30 to 100 microamperes, (0.000030 to 
0.000100 ampere). 

Magnifiers. In order to increase the speed of a 
cable above a point where satisfactory operation can 
be obtained with a siphon recorder alone, it is necessary 
to magnify the weakened signals before passing them 
through the recorder. With the magnifiers described 
below, good signals may be obtained when the current 
in the magnifier coil is as small as from two to fifteen 
microamperes. 

The Heurtley Magnifier. One type of magnifier ex- 
tensively used was patented by E. S. Heurtley. This 
magnifier (Fig. 6) is similar in principle to a siphon 
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recorder, with the coil controlling the movement of 
two fine platinum wires. Associated with the two 
moving wires are two similar fixed platinum wires, the 
relative positions of which are indicated in the figure. 
The platinum wires are heated by battery current. 
When the relative positions of the wires are changed 
by movement of the coil from its mid-position, the 
mutual heating effect between the fixed and moving 
wires is altered. Thus the temperature and hence the 
resistance of the wires in one arm of the bridge are 
increased, the values being decreased in another arm. 
The resulting bridge unbalance causes a current to 
flow in the siphon recorder. 

The Selenium Magnifier. The selenium magnifier, 
also used in operation of long cables, was developed by 
T. B. Dixon, K. C. Cox and others. It is also of the 
moving-coil type, the coil carrying a small mirror. 
This mirror reflects a strong beam of light on to a 
bank of two or four selenium cells, which form either 
two or four arms of a Wheatstone bridge. Battery is 
connected across one diagonal of the bridge and the 
ordinary siphon recorder is placed in the other diagonal. 
The electrical resistance of selenium cells varies in- 
versely with the strength of light to which they are 
subjected. When a movement of the magnifier coil 
causes a movement of the light beam on the selenium 
cells, the bridge is unbalanced and current flows in 
the siphon recorder. 

The Vacuum-Tube Magnifier. Some experimental 
work has been done on the application of vacuum-tube 
magnifiers to cable operation and fair results have been 
obtained. There has not been a large incentive to 
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developing the vacuum-tube magnifier, because of 
the condition that other fairly satisfactory magnifiers 
were already available. 

Cable Relays. In some cases it is desirable to repeat 
signals automatically from one section of cable into 
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another rather than to record them. It is essential 
that a cable relay used for this purpose shall have a 
reliable form of electrical contact. All of the standard 
types of cable relays employ the principle of the 
D’Arsonval moving-coil galvanometer, and differ only 
in the method of making contact. A relay may be used 
with or without a magnifier in circuit, the relay alone 
being approximately as sensitive as a siphon recorder. 

The Brown drum relay has an iridium-pointed plati- 
num wire, the movement of which is controlled by the 
relay coil, making contact on the insulated silver rings 
of a rotating drum. With very little pressure the 
iridium point makes good contact on the moving silver, 
and the friction resisting the lateral movement of the 
contact point is small. 

In the Muirhead gold wire relay, the coil controls 
the movement of a gold wire between two platinum 
contacts. The gold wire is maintained in rapid vibra- 
tion by an electric buzzer arrangement, for the purpose 
of securing better contact. 

The Bruce relay contact scheme consists of a fine 
nickel wire controlled by the moving coil, which makes 
contact in drops of mercury. The nickel wire is rapidly 
vibrated vertically with respect to the contact surfaces, 
thus reducing frictional resistance to its lateral motion. 

Shaping of Signals. In addition to apparatus 
previously mentioned, various auxiliary devices are 
used in order. to shape properly the received signals. 
Such devices comprise coils known as ‘magnetic 
shunts” connected in parallel with receiving equipment, 
condensers in series with receiving equipment, and 
various special pieces of apparatus. The use of con- 
densers in the bridge arms (Fig. 2) has a very bene- 
ficial effect in improving signal shape. The action of 
these devices will be taken up later. A complete cable 
circuit is shown in Fig. 10. 

In relay reception of signals, it is necessary to pay 
attention to the tendency of signals to have a slowly 
wandering zero position. This effect is caused by the 
block condensers, and if conditions are otherwise correct 
it may be eliminated by providing the condensers with 
high-resistance shunts. The latter expedient, however, 
is not always considered desirable, and in order to 
correct a slowly wandering zero in relay reception, 
there have been various ingenious devices developed 
which need not be described here. 

Cable Printers. A very promising development, 
likely soon to be in commercial form, is the applica- 
tion of printing systems of reception to long cables. 
The code that can be used in a printing system has 
fewer characters per word than the ordinary cable 
code. In addition to the economies made possible 
by the use of a shorter code, a cable printer is also 
likely to effect economies in operation due to the fact 
that fewer attendants will be required than with the 
present system. 

Eastern Telegraph Company’s System. The Eastern 
Telegraph Company has recently patented a system 
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of operation which is quite different from conventional 
methods of operation. In this system the original— 
not the modified—continental code is used. The origi- 
nal continental code would ordinarily be less efficient, 
but some special apparatus has been developed which 
largely overcomes this objection. The system has 
the advantage that it can be operated through relays 
directly to the land lines, using land-line apparatus 
already standard. 


LIMITING CONDITIONS OF CABLE OPERATION 


The object of submarine cable engineering is to pro- 
vide cables which give greatest operating speed and 
greatest reliability at least cost, and to develop opera- 
ting methods which make use of the cable to its utmost 
capacity. A further object of almost equal importance 
is to reduce operating expenses. 

The cost, in place, of a single section of submarine 
cable of modern type 2000 miles in length is in the 
neighborhood of $4,000,000. This represents an annual 
charge of approximately $400,000, to cover interest, 
maintenance, ete., of the cable itself. The cost of 
efficiently operating such a section of cable is likely 
to be in the neighborhood of $200,000 per year, for 
salaries of men and apparatus directly used in handling 
traffic. From these figures it is evident that consider- 
able engineering can be justified to obtain highest 
working efficiency of cables. 

A cable of modern type 2000 miles long would have 
approximately 3000 ohms resistance and 800 micro- 
farads electrostatic capacity to ground. The operating 
speed, or the message capacity, of a cable is directly . 
limited by its resistance and capacity. The resistance 
and capacity can be reduced in designing a cable only 
by increasing the size of the cable, which proportionately 
increases its cost. 

Besides the constants of the cable itself, there are 
other factors which act in different cases to control 
the ultimate speed of a cable. These factors are 
enumerated below. 

1. Sensitiveness of Receiving Apparatus. If a cable 
is worked at a very low speed, it is possible to transmit 
sufficient energy through it to operate receiving appa- 
ratus which is substantial in construction. When the 
speed is increased the current transmitted through the 
cable falls off very rapidly, due to the effect of resistance 
and capacity. The decrease in received current is 
met as far as practicable by providing receiving appa- 
ratus of increased sensitiveness. If the apparatus is 
not sufficiently sensitive, the operating speed may be 
definitely limited thereby—in fact it may be said that 
previous to ten or fifteen years ago, cable speeds were 
definitely limited by the lack of sensitiveness of avail- 
able receiving equipment. Since that time, however, 
cable magnifiers, to which reference was. previously 
made, have been developed to a point where they are 
practically as sensitive as is desired. While there is 
still some room for improvement the sensitiveness of 
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available magnifiers is such that other factors, given 
below, now largely limit the speed. 

2. Duplex Balance. Due to small but unavoidable 
errors in the artificial line necessary for duplex working, 
there is likely to be some degree of off-balance, causing 
extra currents in receiving apparatus which act to 
limit the speed. The duplex balance is probably the 
most important limitation upon speeds of the majority 
of cables, for even if the cable is once correctly balanced, 
the balance is subject to change due to variations caused 
by small temperature changes of the ocean. Much 
can be accomplished by careful engineering in decreasing 
balance troubles. Some of the possibilities of improve- 
ment will be taken up in detail later. 

3. Extraneous Current. Although not generally 
known, it is a fact that ocean cables are subject to con- 
tiuous interference from extraneous currents in much 
the same way that interference is caused to wireless 
telegraph operation. The extraneous currents which 
affect ocean cables are probably partly caused by electric 
railway systems. Possibly part may be due to the 
operation of wireless systems. The greater part of 
the extraneous currents are, however, of unknown 
origin, and are doubtless akin to the “static” so fa- 
miliar to wireless operators. The current is very 
irregular in nature and may be considered to contain 
currents of all frequencies. In practise it is usually 
found that extraneous currents are smaller in magni- 
tude than the currents present due to slight errors 
in the duplex balance, although in some cases the ex- 
traneous currents are the larger. If the balance is 
improved extraneous currents become of -increased 
importance, and they must be regarded as forming an 
ultimate limit to further increase in speed of a cable. 

It is customary to make use of an earth connection 
for cable working which is extended several miles from 
shore. By this means disturbances from electric rail- 
way systems are largely reduced. Currents from other 
sources may be somewhat decreased by the same ex- 
pedient, although they can not be eliminated. Extra- 
neous currents may be picked up at any point along 
the cable and conveyed into the receiving apparatus, 
although the greater part is introduced by slight un- 
steadiness of the sea-earth connection, of amounts 
ranging from 0.0001 to 0.005 volt or higher. 

4. Sending Voltage. The amount of voltage used 
for operating the cable has a bearing upon the opera- 
ting speed. A short section of gutta-percha cable is 
capable of withstanding as much as 40,000 volts before 
being punctured. A long cable, however, is likely to 
contain weak spots, which may be punctured at a much 
lower voltage. In fact, there are instances where cables 
have been broken down by a few hundred volts. The 
cost of making repairs to a cable which has been 
damaged is large, and it is therefore customary to keep 
operating voltages down to a conservative value. 

A potential of 50 volts is commonly used for operation. 
Due to the effect of the sending condenser, the strain 
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caused to the cable is somewhat increased, so that the 
insulation near the end is subject to a maximum strain 
of about 75 volts. In the center of the cable the maxi- 
mum strain on insulation is very much lower. 

5. Magnetic Storms. Fortunately, magnetic storms 
occur only at comparatively wide intervals, otherwise 
cable engineering might have developed along entirely 
different lines. Magnetic storms are ordinarily, if 
not always caused by conditions on the sun. Slight 
effects from this source are fairly common, but severe 
magnetic storms occur only rarely, sometimes years 
apart. Whenever a severe storm occurs, there are dis- 
plays of the aurora borealis in thesky, the compass needle 
is affected, and voltages ranging up to several hundred 
volts are induced in cables. The voltages alternate 
from one direction to the other in an irregular manner 
and at a low speed. The period of the reversal may 
be a few seconds or it may be as long asa half hour. A 
severe storm may make cable operation impossible for 
several hours and its effect may not entirely disappear 
for three or four days. 


THE ARRIVAL CURVE 


If a direct-current voltage is suddenly impressed 
upon a cable grounded atthe far end, a current flows 
into the cable according to the upper curves of Fig. 7. 
At the distant end of the cable, the current builds up 
according to the middle curve. The shape of this 
curve was originally worked out by Lord Kelvin in 
1855. The strength of current received through the 
cable finally reaches a value many times stronger than 
that necessary to operate the usual receiving apparatus. 
The rate of increase of current is so slow, extending as 
it does over several seconds, that rapid signaling with 
a simple cable circuit is impossible. The various con- 
densers and magnetic shunts introduced in the cable 
circuit for shaping signals act to remove the greater 
part of the received current, while retaining the sharp 
initial rise of current. The result is that the current 
in the receiving coil is approximately of the shape of 
the lower curve. 

A curve such as one of the lower curves of Fig. 7, 
which shows the current received over a cable due to 
a suddenly impressed voltage, is known as an “arrival 
curve.” Any combination of signals may be built up 
by algebraically adding a succession of arrival curves, 
in the manner illustrated in Fig. 8. 

In studying cable operation, it is convenient to 
think in terms of the arrival curve. It is essential 
that the arrival curve be of proper shape, within certain 
limits, in order that all signal combinations may be 
legible. In Fig. 9 are shown various shapes of arrival 
curves, and also the shapes of the first three letters 
of the alphabet, built up by proper addition of a suc- 
cession of arrival curves of the shapes given. 

The Dot Frequency. By dot frequency is meant the 
normal frequency of operation when a succession of 
reversals is sent without spaces between them. Thus 
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the letter a, consisting of one dot above, and an equal 
deflection below the zero line, is considered to be one 
cycle. The letter c is considered to be two cycles. 
In, Fig. 9, the base line of each arrival curve is shown 
divided into equal spaces. Each of these spaces repre- 
sents the length of one dot, that is, one-half cycle. 
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A ‘cable such as that previously referred to, with 
3000 ohms and 800 microfarads, could be commercially 
worked at a speed of 54 words per minute, or 324 letters 
per minute, under favorable conditions. By analyzing 
the standard cable code, it is found that this is 
equivalent to an average dot frequency of approxi- 
mately ten cycles per second. 
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THEORY OF CABLE OPERATION 
The theory to follow is based upon the use of ordi- 
nary alternating-current theory. A knowledge of the 
behavior of the cable and its associated apparatus under 
the influence of a sine wave of current throughout the 
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proper range of frequencies, is sufficient to enable the 
shape of received signals to be predicted. The action 
of any equipment may be determined by investigating 
its behavior through a range of frequencies. The 
frequencies which must be considered in cable inves- 
tigations are those from zero frequency to a frequency 
two or three times the so-called “dot frequency” of 
operation, as explained later. 

The fundamental theory of this method of analysis 
is developed in the Appendix. It is shown there that 
in general any transient curve may be considered to 
be composed of the sum of an infinite number of pure 
sine waves, of frequencies varying from zero to infinity. 
Each of these sine waves is attenuated in the cable 
circuit in accordance with well-known laws. Even the 
mechanical motion of receiving coils may be approxi- 
mately or exactly solved by applying methods such as 
are used in solving alternating-current circuits. 
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While this method of analysis is of quite general 
application, it will be illustrated by applying it to the 
cable of standard present-day type previously referred 
to, and to simple apparatus used for operation. 

The Frequency Characteristic. This term is used 
to designate a pair of curves which show how sine 
wave currents are changed in magnitude and in time 
lead or lag, by the cable circuit or by a part of the 
circuit, at various frequencies. 


Notation. 

E = battery voltage. 

KE, = sending voltage as modified by ‘gee of signal 
used. 

R =cable resistance per mile (inductance and 
leakage of cable are ignored). 

C =cable capacity per mile. 

l = cable length in miles. 

f = frequency in cycles per second. 
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F = dot frequency in cycles per second. 


| 
Z, = surge impedance of = is 
0 rge imp ce of cable \ FIa FC 
P =complex attentuation constant 
= /j2rfRC 

I, = current at sending end of cable. 

I, = current at receiving end of cable. 

Z. = impedance offered to outgoing current by 
apparatus at sending end. 

Z, = impedance of complete receiving system. 

D = deflection of receiving instrument. The maxi- 
mum deflection (neglecting a momentary 
overthrow) is taken as unity, the deflection 
at any frequency being expressed as a 
fraction of the maximum. 

M = magnification of complete receiving set at any 


frequency = ratio D/TI,. 
Solution with Single-Frequency Alternating Current. 


A standard expression for current received through a 
cable is the following: 
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This may readily be put into the form 
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The first term of the right-hand member of equation 
(2) gives the current flowing into the cable, as modified 
by apparatus at the sending end. The second term 
shows how the current is modified by the cable itself, 
and the third term shows how the current is modified 
by the receiving apparatus as a whole. The fourth 
term takes into account multiple reflections between 
the ends of the cable. The latter term may for all 
practical purposes be considered equal to unity, and 
may be ignored, as it has no effect except at speeds far 
below the usual signaling speed. 

Analyses of Arrival Curves. If a voltage is impressed 
at the sending end of a shape corresponding to curve 
1, Fig. 9, and the cable circuit as a whole, including 
apparatus, attenuates all frequencies equally, the 
wave as received at the distant end will be of exactly 
the same shape. Under these conditions, all signals 


1. In the general case, with inductance L and leakage G 
present, these become, 
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would be reproduced at the receiving end exactly as 
they were sent. 


If the characteristics of the cable circuit are such 
that the higher frequencies are lost in transmission, 
then the tendency is to round off the corners of the 
wave in a definite manner, so that a more or less rounded 
signal is the result. Such rounding-off is not objection- 
able providing it is not carried too far. It becomes then 
of the utmost importance to determine just what 
frequencies it is necessary to transmit through the 
cable in order to obtain a received signal that is suf- 
ficiently legible. Since the higher frequencies are most 
difficult to transmit through the cable, it will be obvious 
that the ideal shape of arrival curve is one which, while 
giving good signals, requires the transmission of the 
smallest possible amount of the higher frequencies. 
In order to determine what frequencies it is necessary 
to transmit, a theoretical analysis was made of a large 
number of possible arrival curves, using methods given 
in the Appendix, and tests were also made of working 
cable circuits. 
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In order to obtain a received signal which, while 
somewhat rounded, may be regarded as perfect in 
shape, it is found necessary to transmit frequencies 
through a cable up to approximately 2.4 times the dot 
frequency. Fortunately, however, a received signal 
of such quality is not necessary for commercial opera- 
tion, since the rece ving operator becomes so familiar 
with signa!s that he is able to read signals which are 
moderately distorted. It has been found that for 
recorder reception, with or without a magnifier in 
circuit, it is necessary to transmit frequencies only up 
to about 1.5 times the dot frequency in order to obtain 
a signal which is suitable for traffic. 


For relay reception a somewhat better defined signal 
is necessary, and it is necessary to transmit frequencies 
up to about 1.65 times the dot frequency. Relay 
reception is facilitated by permitting a small overthrow 
of the arrival curve. It can be shown that such an 
arrival curve can be built up with smaller amounts of 
the higher frequencies. 


Examples of signals which have been chosen to 
represent the approximate limits of good transmission, 
for recorder and relay reception respectively, are shown 
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opposite curves 3 and 5 of Fig. 9.2. These arrival 
curves are redrawn to a larger scale in Fig. 11. 

In Fig. 12 are shown the frequency characteristics 
corresponding to the above arrival curves. These 
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characteristics show the approximate deflection and 
time lag which the receiving instrument must have at 
any frequency, when a sine wave of voltage is impressed 
at the sending transmitter. The portion shown solid 
is considered to represent the working frequency, which 
is of importance in determining the shape of the received 
arrival curve. The precise shape of the portion shown 
dotted is unimportant as regards transmission through 
the cable, both because the energy transmitted through 
the cable is small at these frequencies, and because due 
to the nature of the equations of this theory as given 
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2. The following table gives the range of frequencies contained 
in each curve of Fig. 9: 
Curve 1, 6 and 7—zero to infinity 


“  2—zero to 1.9 times the dos frequency, 
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in the Appendix, the higher frequencies are of less 
importance. 
It will be recognized that there may be some dif- 
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Fig. 13—FREQUENCY CHARACTERISTICS OF CABLE 


ference of opinion as to when the received signal is 
legible. For this reason there is some variation in the 


frequency limits required for reception by different 
cable operators. The limits given, however, may be 
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taken to represent average values, and are of the 
highest importance in studying cable problems. 
Frequency Characteristic of Cable. The frequency 
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characteristic given in the preceding section was the 
characteristic of the entire cable circuit, from trans- 
mitter to recorder, necessary for proper reception. It 
is now the purpose to determine the separate frequency 
characteristics of different parts of the system. 

The frequency characteristic of the cable itself is 
shown in Fig. 13. This characteristic applies to the 
cable referred to previously. It is shown plotted both 
to a logarithmic and to a direct scale. The characteris- 
tic was determined by calculating real and imaginary 
values of the second term of the right-hand member 
of equation (2) 
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Fig. 15—FREQUENCY CHARACTERISTICS OF COMPLETE 
- RECEIVING SET 


Frequency Characteristics of Sending Apparatus. In 
Fig. 14 are shown frequency characteristics of the 
current entering the cable, for three different sizes of 
the condensers at the sending end, and also with the 
condenser removed. The values in this figure were 
obtained from the first term of the right-hand member 
of equation (2), the sending voltage being taken at 
fifty volts. 

This figure clearly shows the beneficial effect of the 
sending condenser in decreasing currents of the lower 
frequencies. The condenser also reduces, in a less 
degree, the amount of energy flowing into the cable at 
higher frequencies—an effect which in itself is undesir- 
able, but which can be compensated for by increasing 
the sending voltage or the sensitiveness of receiving 
apparatus. 

Frequency Characteristics of Receiving Apparatus. 
By combining the frequency characteristics shown in 
Figs. 18 and 14,5 the frequency characteristic of the 
current at the receiving end of the cable may be 


3. The 60 uf. curve of Fig. 14 was used. 
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obtained. Now since Fig. 12 shows the frequency 
characteristics of the cable circuit as a whole, necessary 
to produce properly shaped signals for reception, it is 
possible by combining these characteristics with the 
characteristics referred to above, to obtain characteris- 
tics which show the necessary behavior of the receiving 
set. Such characteristics are shown in Fig. 15. 

The characteristics of the receiving set show that 
this apparatus must be comparatively insensitive to 
low-frequency currents. It must have its highest 
sensitivity to currents about 1.3 times the dot fre- 
quency for recorder reception, or about 1.45 times the 
dot frequency for relay reception. The working 
ranges of frequency, which are important in determining 
shapes of received signals, are shown as before by solid 
lines. There are decided advantages from the stand- 
point of freedom from interference, in having the 
receiving apparatus insensitive to frequencies higher 
than the working frequencies. 

It is interesting to consider the manner in which the 
receiving set is made to have characteristics of the 
shape given. The receiving set is composed of a num- 
ber of condensers and shunts as shown in Fig. 10. 
While it is entirely practicable to calculate the fre- 
quency characteristic of each part of the circuit, it 
appears unnecessary to give such calculations here, and 
a statement will simply be made of the general charac- 
teristics of different parts of the receiving set. 

The receiving characteristics in Fig. 15 are in fact 
plots of the quantity 

22,M 
Zo ii Z, 

In this quantity, the factor 

2Zo 

Aq + 2 

does not greatly vary from unity. The characteristic 
may therefore be considered to be an approximate plot 
of the quantity M, which is the ratio of the deflection 
of the receiving instrument to the current in amperes at 
the receiving end of the cable. The largest deflection 
shown is 61,000 units per ampere—that is, full deflec- 
tion is obtained with 1/61000 ampere = 16 micro- 
amperes. 

The magnetic shunt, Fig. 10, tends to cause a charac- 
teristic which rises with frequency, that is, the shunt 
tends to absorb currents of lower frequencies, while 
throwing the higher frequencies into the receiving coil. 
The condenser in series with the coil has an effect similar 
to that of the magnetic shunt, and tends to increase 
further the slope of the characteristic of the complete 
set. 

The block condensers at the receiving end are in 
effect shunted around the receiving coil and tend to 
shunt or absorb currents of the higher frequencies. 
An additional condenser is sometimes placed in shunt 
with the receiving coil. The values should be such 
that these condensers mainly absorb only currents 


taken from equation (2). 
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above the working frequencies. Such a characteristic 
may be very beneficial, as it reduces balance troubles 
and interference from outside sources. The condensers 
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Fig. 16—FREQUENCY CHARACTERISTICS OF SENDING SIGNALS 


may be semi-resonant with the magnetic shunt, at a 
frequency between 1.2 and 1.5 times the dot frequency. 

The recording coil has inertia which tends to make 
it relatively insensitive to the*higher frequencies. The 
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coil may be adjusted to have a free period of its own, 
the period being between 1.2 and 1.5 times the dot 
frequency. 
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If a magnifier is used of the Heurtley or selenium 
type, the hot wire of the former, or the selenium cell 
of the latter, has a certain amount of sluggishness 
which may havea decidedly beneficial effect in absorbing 
currents of the higher frequencies. 

Frequency Characteristics of Sending Signals. Up to 
this point it has been assumed that the signal sent is of 
the so-called ‘“‘block” type, as shown in curve 1, Fig. 9. 
There is another type of sending signal which is used 
to a considerable extent, namely the “beat” type of 
signal, curve 6, Fig. 9. Still another type has been 
proposed by Major-General G. O. Squier, namely 
the sine wave signal, curve 7, Fig. 9. 

The characteristics of such signals may be studied 
in the same manner as parts of the circuit are studied. 
Frequency characteristics of these types of signals are 
shown in Figs. 16 and 17,‘ the latter figure being to a 
larger scale. 

No general rule will be given as to which type of 
sending signals is best, the preference in any case being 
dependent upon a knowledge of the particular condi- 
tions which limit transmission. With beat signals 
smaller amounts of low-frequency currents are trans- 
mitted, so that the associated condensers and magnetic 
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shunt need not absorb as much of such currents. Block 
signals have advantages from the standpoint of duplex 
balancing, as will be evident later. 


THE DUPLEX BALANCE 


Theory. Since cables are usually operated duplex 
and the balance is often the condition which limits 
operation of the cable, it is important to consider the 
theory and practise of balancing. 

If there is present a small error in the balance, its 
effect is in general most severely felt when some irreg- 
ular combination of signals is sent. In order to 
analyze this condition, the combination of signals may 
be considered to recur at regular intervals, and may 
then be broken up by the standard Fourier method into 
the sum of a number of separate sine waves. By 


4. The development of these is given in the Appendix. The 
curves show only the transient characteristics of the signal. In 
the beat and sine wave signals, there is also a non-transient 
component which contains frequencies of 2, 4,6, ete., times the 
dot frequency. Such frequencies may in general i neglected 
in studying transmission through the eable, for reasons given 
previously. 
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choosing various possible combinations of signals and 
analyzing them in this manner, we may determine what 
the maximum sine wave value of the sending voltage 
may be at any frequency. This maximum value will 


be designated F,’. 
Let it be assumed that the impedance of the cable is 


Z», and that the artificial line is so adjusted that the 
system would be perfectly balanced if the cable imped- 
ance were Z, (1 + A) where A is a very small quantity. 
It can then be shown® that the deflection of the 
receiving instrument will be given by the expression 


E,/Z.M A (3) 
(Zo + Z.) (40 + Z,) 


Now equation (2) gives the deflection of the receiving 
instrument at any frequency, when the sending battery 
is replaced by a sine wave of voltage of value E£,. 
By combining equations (2) and (3) we have, 


E,’ 
E, 


A plot of the ratio E,’/E., caleulated by setting up 
various recurring combinations of signals as described 
above, is given in Fig. 18.6 Plots of the quantity D 
under ideal conditions, and of 1/e?!, were given in 
Figs. 12 and 18. 

In order that duplex operation may be satisfactory, 
it is necessary that any deflection of the receiving 
instrument caused by off-balance, will be small as 
compared with the size of the signal itself. The 


D, = 


Dress HERD rt (4) 


5. This equation may be readily proved for any special 
terminal circuit, by obtaining an expression for the current in 
each branch of the circuit when a sending voltage H,’ is im- 
pressed at the apex. A general proof may be obtained by 
breaking the impressed voltage into two parts, of which one 
part causes a current J, to flow in line and in artificial line. 
The remaining part then acts to cause a current J», due to off- 
balance, to flow from the line into the receiving circuit. The 
deflection is M times Jz. It is assumed throughout that circuit 
conditions at the two ends of the cable are similar. 


6. As examples of combinations chosen are the following. 
(1) Reversals; (2) Dot, dash, dash, dot, dash, dash, ete.; 
(3) Dot, dot, dash, dash, dot, dot, dash, dash, ete. A large 
number of other combinations was used. The curve in Fig. 18 
is, of course, discontinuous. There are two points separate 
from the curve at f/F =1 and at f/F =3. (Balance distur- 
bances from these particular frequencies are not likely to be 
more severe than from others, because it happens that these 
frequencies occur only together, and do not occur in combina- 
tions with the numerous other frequencies.) The above signal 
ecmbinations may be assumed made up of “block” signals, 
or th y may be assumed made up of “‘beat’’ or othe shaped 
‘ignals. If the latter, it will be found on trial that the values 
of 2’, are changed in amount, for any signal combination, by 
a ratio given by the ordinates o Figs. 16and17. But the value 
of E, is also changed by the same amount, and the ratio H’,/Hs 
is therefore independent of the type of signal. It should not 
be inferred from this that the type of sending signal has no in- 
fluence on balance. The actual value of D in equations (4), 
(5), and (6), may be altered by changing the signal type, which 
may thus materially influence balance troubles. We are here 
concerned with the maximum values of the quantities in the 
- equations, and it is not necessary to consider the angle of eF!, 
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precise amount permissible depends to some extent 
upon the individuality of the operator, so that no 
exact limit can be given. It may, however, be said 
that an approximate limit for deflection due to off- 
balance is 0.2 of the size of the dot signal. Now since 
each of the various combinations of signals contains 
several different frequencies, the effects of which are 
aggregated at times, it is necessary to apply a ‘“‘factor 
of safety,” which will here be assumed equal to 2. 
Taking these considerations into account, equation (4) 
may be put into the form 


/ pl : 
1/Ac= oe Oe for recorder reception. (5) 
Ei,’ Dire P 
LjA = Tid Orla for relay reception. (6) 
Plots of values of 1/A are given in Fig. 19. This 


figure shows the approximate degree of accuracy which 
the balance must possess at all frequencies, in order to 
permit operation of the cable previous!y referred to, 
at a dot frequency of ten cycles per second. It should 
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Fie. 19—Accuracy RerquirmMENTS oF DupLtEx BALANCE 
be noted that the curves in Fig. 19 have been built up 
on the basis of having apparatus which eliminates the 
higher unnecessary frequencies. With unfavorable 
operating apparatus far greater accuracy of the balance 
may be necessary. 

Balance difficulties are an inherent property of a 
cable system operated duplex, for even if the cable is 
once balanced correctly, the balance is subject to 
change due to variations that occur in the temperature 
of the ocean bottom. In practise it is usually necessary 
to readjust the balance at least daily, in some cases 
several times daily. As shown above, a change in the 
impedance of the cable of one part in 25,000 is sufficient 
to be important. To maintain a balance correct at 
one frequency only to this degree of accuracy might not 
be especially difficult. The chief difficulty is, in fact, 
the maintenance of a balance correct to the required 
accuracy throughout a considerable range in frequency. 
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From the theory and curves given above, three 
important conelusions may be drawn regarding balanc- 
ing, as follows: 

(1) The effect of a given balance error upon the 
receiving instrument is dependent upon the actual 
shape of the frequency characteristic (Fig. 12) of the 
entire cable circuit. The actual shape of the charac- 
teristic becomes of rapidly increased importance at 
the higher frequencies. 

(2) If there is a certain error in the balance, there 
can be nothing done throughout the working range of 
frequencies, to decrease its effect upon transmission, by 
altering the apparatus at either the sending or receiving 
end, excepting insomuch as the alterations change the 
shape of the useful transmitted signal. 

(3) Any change in the apparatus at either the 
sending end or the receiving end of the cable, which 
decreases the magnitude of current transmitted through 
the cable at frequencies higher than the working range, 
without unduly affecting frequencies within the work- 
ing range, is a distinct advantage in decreasing balance 
disturbances. 

Artificial Lines. Every submarine cable, in addi- 
tion to having resistance and capacity, has a certain 
amount o° self-inductance and leakage. The latter 
factors are ordinarily too small to affect transmission 
through the cable, but are of considerable importance 
in balancing. The effective resistance and inductance 
vary with frequency, due to the characteristics of the 
sea-water return circuit,’ and the capacity and leakage 
also vary with frequency, due to the behavior of the 
gutta-percha insulation. 

The artificial line for balancing such a cable consists 
of a network of resistance and capacity, to which 
inductance may be added if desired. The network 
must be adjusted to have electrical characteristics that 
closely match those of the cable. The original adjust- 
ment may be a very tedious process, there being records 
of cases where as much as three months’ work was done 
in obtaining a duplex balance for a single cable. Much 
of the early balancing was done without fully under- 
standing the theory of balancing, and some ingenious 
appliances to artificial lines were developed by workers 
in the field, at a time when the electrical properties 
of the cable itself were incompletely understood. 
Fortunately, the theory is now better known so that 
the time required in balancing has been greatly cut 
down. 

Artificial lines of any type are more or less sensitive 
to temperature changes, and are, therefore, usually 
placed in heat-insulated cabinets, sometimes located 
in rooms having special heat-insulated walls. In 
order to provide for convenient minor daily adjust- 
ments, it is customary to provide in addition a few 
small adjustable condensers and resistances, located 


7. See J. R. Carson and J. J. Gilbert: “Transmission Charac- 
teristics of the Submarine Cable.” Journal of the Franklin 
Institute, Dec. 1921. 
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near the receiving apparatus, and connected in the 
artificial line or in the bridge circuit. 

The earliest type of artificial line was of the lumped 
variety, Fig. 20, used by Stearns. This artificial line 
was not successful, due probably to defects in design 
and construction. 

Shortly afterwards, in 1875, the smooth type of 
artificial line was patented by Taylor and Muirhead. 
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Fig. 20-—Strrarns Tyre or ARTIFICIAL CABLE 
Capacity and resistance of each section adjustable 


In this line (Fig. 21), the resistance of the line is made 
up of a zig-zag strip of tinfoil. This is insulated from 
the solid ground sheet of tinfoil by paraffined paper, 
thus forming the capacity of the line. The line is 
mounted in wooden boxes, having 10 to 21 microfarads 
per box, with terminals brought out which divide the 
line into sections of from one to three microfarads each. 
This type of line is especially sensitive to temperature 
changes. 

A more recent type of artificial line has been patented 
by Dearlove. This line is made up of a large number 
of very small units of resistance and capacity, the latter 
being from 1/30 to 1/15 microfarad each. Neither 
the resistance nor the capacity is adjustable. The 
resistance and capacity are mounted together in boxes, 
similar to the type previously described. 

With either of the types just described, the artificial 
line must be specially designed and constructed to 
match the cable with which it will be used, since the 
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Fig. 21—Dr1acram or MurirHBeAD TyPr oF ARTIFICIAL CABLE 


constants can be adjusted only in an indirect manner 
which introduces irregularities in the artificial line 
that have no duplicate in the cable. 

A new type of artificial line* has been developed by 
the writer, wth the object of overcoming the dis- 
advantage: of the types previously described. This 
artificial line is shown diagrammatically in Fig. 22, 
and contains resistances and condensers in fairly large 
lumps. 

While it might seem that a lumped line of this type 
could not be made to ba'’ance a cab’e with constants 


8. Patents pending. 
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uniformly d stributed, the actual condition ‘s that the 
lumped arrangement is utilized to aid in balancing the 
inductance of the cable. It may readily be shown that 
the impedance of such network having a large number 
of resistances and condensers is 
es 

ONT g2afor. 
The surge impedance of a submarine cable with resist- 
ance, capac ty and inductance is 


Pe 


+ RR! + RA 


a + £/e (8) 


j2nf 
From these it is apparent that a balance which is 
correct for all frequencies may be obtained if 
iy, =-h/C, sand?) hk RS Ree L/C. (9) 
An artificial line of this type has the additional 
advantage that it is readily constructed to be completely 
adjustable throughout its length. In practise the 
resistances and condensers are mounted in separate 
boxes, and the resistance of the line is made continuous 
with taps brought out at intervals. The resistance 
steps are small near the head of the line, and become 
increasingly larger away from the head. For adjust- 
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ments a movable connector is used which is reliable 
and convenient to handle, and which does not introduce 
appreciable contact resistance. It is found that an 
adequate balance can be obtained with condenser 
units of two microfarads near the head of the line, and 
with considerably larger units toward the rear of the 
line. The resistances in series with the condensers 
need little if any adjustment, and are only necessary 
near the head of the line. 


KELVIN’s KR LAw — 

This law, formulated early in the history of the 
science, states simply that the operating speed of the 
usual type of cable is inversely proportional to the 
product of its capacity times its resistance, the letters 
_ “KR” being an old symbol for this product. Expressed 
in another way, the law states that the product of 
speed times the “KR” is a constant. With speed 
expressed in letters per minute, cable resistance in 
ohms, and capacity in farads, this product is termed the 
“speed constant” of the cable, and is widely used. 

That the K R law is approximately true is immedi- 
ately evident from the preceding theory [see equation 
(2) ]. The amount of energy which is transmitted 
through the cable is directly dependent upon the pro- 
duct of frequency times resistance times capacity, 
and if there is a definite minimum permissible amount of 
received energy, then there must be a definite value 
of the above product. 
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Obviously, the above does not take into account the 
fact that different conditions may in different cases act 
to limit the speed of a cable. The “speed constant’ 
is therefore not a definite fixed value, but varies in 
different cases, and is in fact a measure of the efficiency 
of operation. With recorder reception a speed con- 
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stant of 500 to 550 is usual. With magnifier reception 
and duplex operation, speed constants from 600 to 
800 or higher are regularly obtained. A speed con- 
stant as high as 1200 has been commercially attained 
over a cable which was operated in one direction only, 
and was therefore free from balance troubles. 

In order to examine further the validity of the K R 
law, the effects of the different limiting conditions to 
cable operation will be considered separately. 

(1) If conditions are such that the speed of a cable 
is limited only by the sensitiveness of available receiv- 
ing equipment, the K R law forms an approximate guide 
only. This condition is not now of sufficient import- 
ance to justify a detailed discussion. It may be said, 
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however, that of two cables of unequal length a some- 
what higher speed constant (although a lower speed) 
will in general be obtained over the longer cable, for 
the reason that a given receiving instrument can be 
adjusted to have higher sensitiveness when used for 
operation at low speed. 

(2) If the speeds of two cables are limited only by 
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the duplex balance, and the cables are subjected to the 

same percentage balance variations and have equally 

efficient terminal equipment, then the K RF law is an 

accurate guide to their relative speeds. This is evident 

from equations (5) or (6), for with any given value of 

f/F, each term of the equation is constant, and the 

quantity P 1 is therefore constant. 

(3) If the speeds of two cables are limited only by 
the presence of extraneous current caused by small 
equal extraneous voltages impressed at the end of the 
sea-earth, then it will also be found that the K R law 
accurately applies. It is again assumed that equally 
efficient terminal equipment is used. Two such cables 
subjected to the same extraneous voltage will have 
the same speed constant, while if the two cables are 
subjected to different amounts of extraneous voltage, 
then the one subjected to the smaller extraneous volt- 
age will have the higher speed constant. 

The ratio of received current to sent current in 
cables operated at different speed constants is shown in 
Fig. 23. It will be noted that a small change in the 
speed constant requires considerable increase in the 
sensitiveness of receiving equipment. The approxi- 
mate degree of accuracy that the duplex balance must 
possess with different speed constants, assuming favor- 
able terminal apparatus, is shown in Fig. 24. 

In conclusion the writer desires to acknowledge the 
valuable assistance which he has received in the prepara- 
tion of this paper, from Mr. C. H. Cramer and Mr. 
W. D. Cannon. 


Appendix 

In this Appendix is given the fundamental theory 
of the method of analysis used in the body of the paper. 
While the general plan has previously been to assume 
the shape of the received current to be known, and to 
determine the frequency characteristic from the known 
current, the method also provides for determining 
the received current or voltage when the frequency - 
characteristic is known, as shown below. The most 
useful case is to determine the received current caused 
by the application of a suddenly impressed steady volt- 
age, yet the method is applicable for determining effects 
caused by any general transient shape of voltage or 
current, in cable or other electrical circuits. 


The frequency characteristics have previously been 
considered to be functions of the frequency, and to 
show the magnitude and the time lead or lag of the 
wave. In the Appendix the frequency characteristics 
will be considered to be functions of p = 27f, and 
will show the sine and cosine components of the wave 
separately. 


In order to calculate the received current or voltage, 
the transient source is assumed replaced by a continuous 
sine wave source, and a calculation is in general made 
of the received voltage or current for all values of 
frequency from zero to infinity. The real and imagi- 
nary components are calculated separately, and are 
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denoted respectively by uw and ». A formula for the 
received voltage or current caused by a suddenly 
impressed continued voltage is given in equation (10). 

In difficult cases the necessary integrations are too 
complicated to be solved analytically, and it is neces- 
sary to resort to a graphical or mechanical method of 


integration. A form of harmonic analyzer is especially 
applicable. 
NOTATION 
t = time 
p =27 X frequency 
y = height of transient curve (function of ¢) 
s = sine component of frequency characteristic 


(function of p) 
c¢ = cosine component of frequency characteristic 
(function of p) 
u = real component of received sine wave (function 
of p) 
v = imaginary component of received sine wave 
(function of 7) 
jie il 
a, b, g, k, m,n, A, P, T, constants 
R = resistance 
L = inductance 
E = voltage 
I = current 
THEORY 
The method is a development of Fourier’s series. 
Referring to Fig. 25, the Fourier expression for a single 
valued continuous curve of any shape between the 
limits of — 2k and + 2k is, 


t 


y = a,sin ty iodine ss at + a3; sin —— on. 


+k 
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3Tt 
+ 63 cos ag dis (1) 


A curve such as shown in Fig. 26 may be expressed by,the 
simpler form, 


y = a,sin Sr + a3 sin 2 +. 
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In Fig. 26, the two halves of the curve are similar in 
shape, but inverted. The portion between — k and 
+ k is the part in which we are especially interested. 
The value of k may be made as large as desired, so that 
in practise any shape of continuous curve may be 
expressed by (3). 


Two halves are similar in 
shape, but inverted 
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An additional limitation upon the curve will now be 
made in order to simplify further the mathematics. 
It will be assumed that the curve is horizontal, as 
shown in Fig. 27, excepting for a small portion in the 
neighborhood of the vertical axis. The value of k 
will later be assumed increased indefinitely, as in Fig. 
28. In the remainder of this theory, it is assumed that 
the transient under investigation is of the general 
type shown in Fig. 28. This limitation does not 
prevent the investigation of those types of transients in 
which we are interested, as is shown later. 


° 


Freq. 27 


Referring to equation (3), the value of m takes every 
odd integer value from one to infinity. By assuming k 
increased indefinitely, (3) may be replaced by an 
equation containing integrals, and becomes of the 
form 


e= I/r {8 sin pt dp + 1/m { ¢ cos pt dp + bo, (4) 


4 : mM 11. 
in which ome as 


has been replaced by p, k a» has been 
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Fig. 28 


replaced by s, and k b,, has been replaced by c. The 
quantities s and ¢ are functions of p, and constitute 
the frequency characteristic referred to previously. 

For each type or shape of transient curve there is a pair 
of quantities s and c, which correspond to the one transient 
curve only. The frequency characteristic is independent 
of the actual value of k, provided that kis large. Equa- 
tion (4) enables the transient to be determined when the 
frequency characteristic is known. Equations (8), 
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below, enable the frequency characteristic to be deter- 
mined when the transient itself is given. Equations 
(4) and (8) are the fundamental equations of this 
theory. 

To develop the latter equations, we have the well- 
known equations for determining the constants of 
Fourier’s series, 
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Now since we are considering only odd harmonics, 
the first of these may be written 


(6) 


In evaluating the limits, it will be noted that the sine is 
at its highest or at its lowest value at each limit. It 
is not necessary to carry the limits to the values of 
—kor-+k; instead it is only necessary to begin the 
integration from some point at the left of ¢’, Fig. 28, 
and carry it to some point to the right of t’—providing 
that in each ease the integration is stopped at a point 
where the sine is at its maximum or at its minimum, 
z. @., at a point where the cosine is zero. 

A similar simplification might be made directly of 
the second of equations (5) for the special case where 
bop = O. In the case where b. + O, the case is less 
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simple. It may, however, be shown that in general, 
when & is large 
eos m 
= 4A/e y COS OE tdt (7) 
—k+k/m 


At each of these limits the sine is zero, and it is again 
necessary only to carry the integration from some point 
at the left of ¢’, to some point at the right of t’. Ask 
is increased indefinitely, the above equations take the 
form below, where substitutions as before have been 
made : 


= J “y cos pt dt between limits 
where sin pt = O, 


s = (ysin pt dt between limits 
where cos pt = 


(8) 
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In Fig. 29 are shown examples of a number of types 
of transients, and in Table IJ are given formulas for the 
‘frequency characteristics for the various types. These 
formulas were calculated with the aid of equations 
(8). If the values given in Table I are substituted in 
equation (4) and the integration is carried out, the 
original transient will be obtained. Plots of a number 
-of the frequency characteristics are given in Figs. 30 
-and 31.° 


9. It should be noted that the characteristics shown in Figs. 
12, 16 and 17 of the body of the paper are comparative rather 
than absolute characteristics. They show the ratio at each 
frequency of the characteristics of the transient under considera- 
tion, to the characteristic of transient type 1. 
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Further explanation is necessary in connection with 
transient types 12 to 16 inclusive. In calculating the 
frequency curve of type 12, the transient is assumed 
to be built up as shown in Fig. 32. The upper part is 
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TABLE I 


CONSTANTS OF Site ae, CHARACTERISTICS FOR 
ARIOUS TRANSIENTS 


Tran- 
sient Non-transient 
Type | s = sine component = cosine component component 
it 1/p 0 1/2 
2 2/p 0 0 
3 | (1/p) cosp A — (1/p) sin p A 1/2 
2 sin p T 
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5 Sans 0 0 
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the transient component; the lower part is a non- 
transient component consisting of a continuous sine 
wave of half amplitude. The height of the transient 
component is assumed to be a double exponential 
curve as shown. The frequency characteristic of this 
transient is first calculated, after which the value of 
g is increased indefinitely. At the same time, g must 
be considered to remain small as compared with k. 
In this manner the limiting value given in Table I 
was obtained. The values in Table I for transient 
types 18, 14, 15, and 16 were calculated in a similar 
manner. The non-transient components of types 15 
and 16 are themselves irregular in shape, and may be 
broken up by the standard Fourier method into the 
sum of a series of continuous sine waves. Thus the 


non-transient component of type 15 is equivalent to 
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APPLICATION TO ELECTRICAL PROBLEMS 

Referring now particularly to transient type 1, the 
preceding theory shows that it may be regarded as the 
sum of an infinite number of sine waves, of heights 
equal to 1/p, added to a non-transient component of 
height 1/2. The sine waves are individually atten- 
uated in the electrical circuit in a manner which can 
be calculated by ordinary alternating-current theory, 
thus obtaining the frequency characteristic for the 
resultant effect at the receiving end. Then from equa- 
tion (4) the shape of the received current is obtained. 

Let it now be assumed that the transient source is 
replaced by a sine wave of voltage of frequency p/2 n. 
At the receiving end, let w be the component in phase 
with the impressed wave, and let v be the component 
at 90 deg. Then the frequency characteristic of the 
received current will be 


$= 0 /p 


(9) 
c’ =v/p |) 
Substituting in equation (4), we have the formula for 
the received current caused by an initial transient of 
type 1 
y=1/7 fam ptdp + 1/7 ie cos pt dp 


+ Uo/2 (10) 

The effect of the non-transient component of the 

initial transient has been calculated separately, and 
included in the formula. 

In the general case, applicable to any initial type 
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of transient, let s and c represent the initial frequency 
characteristic. Then the characteristic of the resultant 
transient will be 


Ge se 


su—cv } 
c=cutsy f{ (11) 
Substituting in equation (4), we have the formula for 
the resultant transient caused by any initial type of 


transient <0 
y= Afr { (su- cv) sin pt dp 
“0 


co 
+ 1/7 { (cu +s») cos pt dp (12) 
0 
If the initial transient is composed, in part, of a non- 
transient component, the effect of the latter must be 
calculated separately, and added to the result of equa- 
tion (12). 
The effect caused by suddenly impressing a continued 
sine wave (transient type 12) is given by the formu 
co 


=— beth 
sin PY 


saath ee dati a 


tide ee 
EXAMPLES 
1. Let it be required to obtain the value of current 
in a cireuit containing inductance and resistance, 
caused by impressing a voltage transient of type 1. 
The current through such a circuit caused byJa‘sine 
wave of voltage is 


Pvsin pt dp 
(Pye p 


(13) 


E R-—jpl 
Stee aie aie ae 
From this we obtain 
RE —pLE 
les Rt pL’ Cia R+pL ’ 
Uy = E/R (15) 


Substituting in equation (10) gives 


co 


RE 
~1yn { pR+pL 


0 


sin pt dp 


~ 
| 


foe) 


LE E 
-an | ys CO Pe ae (16) 


0 


ies lei ee) a e-Rt/L 4 = (17) 
= E/R (1 — e-®/2) (18) 
Equation (17) was obtained with the aid of a table of 
definite integrals. 
2. Thecurrent through an inductance and resistance 
in series, caused by suddenly impressing a continued 
sine wave of voltage may be obtained by substituting 
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in equation (13) the values of wu and v from equation 
(15). Theresult is 


[T= a pg ee Pd 


R2 _ P? I? 
— PLecosP t) (19) 


Discussion 

M. Sasuly (Communicated after adjournment): In regard 
to the theory of operation of cables as given in the paper, some 
qualifying remarks may be appropriate. The statement of the 
mathematical basis on which the character of signals can be 
predicted (p. 124) is likely to be misinterpreted. It implies 
that the mathematics of ordinary a-c. theory alone suffices for 
the determination of the ‘‘transient’’ as well as the ‘“‘steady 
state’ characteristics of cable and other circuits. This is cor- 
rect only in the broad sense that the “‘transient”’ solution can be 
made to depend on the ‘“‘steady state,’’ or “periodic” solution 
because both are fundamentally of the same mathematical type, 
the general exponential function. But it is not to be inferred 
that the one solution ean be derived from the other merely by 
the processes of ordinary a-c. mathematics. Also it must be 
noted that the identity in type of the two solutions is limited by 
certain conditions. These involve considerations of the in- 
variability of the circuit ‘‘constants’’ with current and voltage, 
the linearity of the differential equations, and the ‘‘boundary”’ 
conditions applying in the given problem. The scope and 
importance of these restrictions must not be overlooked. In 
many practical problems they inevitably introduce considerable 
mathematical complexity. 

The possibility of deriving the ‘‘telegraphy”’’ solution of the 
eable problem directly from the a-c. solution has been a matter 
of controversy among a number of cable engineers. The issue 
does not concern merely the question of mathematical method. 
It is fundamental in the very practical problem of improved 
signalling through ocean cables by means of high-frequency 
currents. (Cf. Wagner, “E. T. Z.” 1910, p. 163; 1912, p. 1289. 
Maleolm, Theory of the Submarine Telephone and Telegraph 
Cable, 1917, pp. 248-251). Consequently it is appropriate to 
eall attention to what is perhaps the essence of the theoretical 
aspects of the problem. 

Under the restrictions referred to previously the ‘‘transient’® 
and ‘‘periodic’”’ terms constitute the general solution. This is 
composed of a sum of terms of the type of the particular solu- 
tion, the latter corresponding to the ‘“‘periodie” solution. This 
fact is seen with little difficulty in the Fourier integral solution 
of the cable problem, first given by Kelvin about 1854 (Math. 
and Phys. Papers, II, pp. 48-49), and treated by a number of 
subsequent writers, with particular concreteness by Heaviside 
(e. g., Electromagnetic Theory, II, p. 125 (1895) ), Poincare 
(Théorie de la Propagation de Ja Chaleur, 1895, p. 134; L’ 
Eclairage Electrique, 40, p. 162, 1904), and Wagner (‘‘E. T. Z.,” 
l. e.; Mitteil, Teleg. Vers., V-VI, 1909-1912). The applicability 
of the Fourier integral solution to cireuit networks has been 
shown by several writers, especially by Wagner (Archiv. f. 
Electrotechnik, 4, p. 162, 1916), Carson (Trans. A. I. E. E., 
38, p. 359, 1919), and Fry (Phys. Rev., 14, p. 118, 1919); also 
by: Pomey (Revue Gen. de l’Elec., 5, p. 204, 1919). In the 
solution of cable and network problems by Heaviside’s Expan- 
sion Theorem (I. ¢., p. 127), the correspondence of the “‘transient’’ 
and “‘periodie’’ terms to the constituents of the general solution 
is no longer apparent. But the correspondence has been ex- 
plicitly established in the very lucid and direct analytical proof 
of the Expansion Theorem given by Carson (Phys. Rev., 10, 
p. 217, 1917). 

It is true then that the general solution of ordinary circuit 
problems can be formally derived from the same type as the 
a-c. solution. But this fact must not lead to under-estimating 
the complexity of the process of actually constructing the solu- 
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tion. The use of integral equations, Bessel series, (e. g., Carson, 
Fry, l. ¢.) and other advanced mathematical processes is not 
merely a matter of elegance. Advanced methods are unavoid- 
able in all but very simple and certain special types of cireuit 
problems. Moreover, certain important aspects of the solution 
are entirely outside the scope of ordinary a-c. methods. These 
relate to the properties of the indicial impedance function (Cf. 
Carson, |. e.) associated with a circuit system. The roots of this 
function determine the “‘natural modes of motion”’ of the system. 
A study of these would appear not only to facilitate the solution 
of given circuits, but also to admit the possibility of designing 
circuits of predetermined characteristics. 

J. W. Milnor: The foregoing discussion indicates that the 
scope of the paper has been somewhat misunderstood by the 
writer of the preceding communication, and it may be misunder- 
stood by others. An original method of calculating transients 
is developed in the Appendix, and it is clearly shown that a tran- 
sient may be directly determined from a knowledge of the be- 
havior with continued sine wave alternating currents, of the 
electrical circuit under investigation. The amount of labor 
involved in the solution is of course by no means nil, since it is 
necessary to know the behavior of the circuit with alternating 
currents throughout a range of frequencies; and to take the step 
from alternating-current theory to the transient solution, it is 
necessary to make a definite integration which must be performed 
either analytically, graphically or mechanically. However, the 
method is straightforward, and does not involve Bessel series, 
operational methods, or a determination of roots of a function. 
The results are summed up in equations (10), (12) and (13) of 
the Appendix. This general method should not be confused 
with the subject of ‘‘transient oscillations’ or “high-frequency 
signaling,’ which has been covered by different writers. 

There are certain restrictions to the method of calculating 
transients given in the Appendix which while ordinarily not 
important, should perhaps be specifically mentioned. It is 
assumed throughout the mathematics that the cireuit parameters 
are invariable with current and voltage,—although it is permis- 
sible that they might change with frequency. If the method is 
used in the solution of a circuit (of academic interest only) whieh 
contains no resistance, misleading results will in general be ob- 
tained. This condition follows from the fact that the method of 
development assumes that the quantity k& although large, is 
finite. It is possible to apply the method for solving electrical 
circuits containing inductance and eapacity only, by taking 


certain precautions, although it appears inadvisable to discuss 


such considerations here because of their complication. There 
is a slight omission relative to equation (7) of the Appendix; 
it should have been stated that this equation is valid for values 
of m greater than one, when k is large. 

The suggestion has been previously made at different times 
that there might be some direct relation between the ‘‘telegraph” 
solution of the cable problem and the alternating-current solution 
or that it might be possible to derive one from the other. As far 
as the author knows, however, this is the first time that a mathe- 
matical justification for such a relationship has been published. 

While the use of this method for calculating general transient 
effects in an electric circuit involves the performance of an 
integration,—such an integration may usually be avoided in 
investigations of ocean cable lines and apparatus. This simpli- 
fication is made possible by the expedient of determining once for 
all what frequency characteristic a cable circuit must have in 
order to transmit satisfactory signals. Examples of such fre- 
quency characteristics are shown in Fig. 12 of the paper. A 
certain degree of variation from these is of course possible in 
practise, since a certain amount of variation in the shape of 
received signals is permissible. The behavior of an ocean cable 
or of its apparatus may therefore be directly determined by 
investigating its behavior with alternating currents,— i. e., its 
frequeney characteristic,— throughout the range of frequency 
from zero to about twice the dot frequency. 
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Printing Telegraph Systems Applied to Message 
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Review of the Subject.—Ever since the building of the first 
practical automatic telegraph instruments by Vail in America in 
1837, and Wheatstone in England in 1841, an ever-increasing 
amount of the world’s high-speed communication has been carried 
on by the printing telegraph. While these early machines were 
built primarily for the use of the European Government Telegraphs 
or the large American telegraph companies, the developments of 
the last few years have produced an instrument which is a practical 
working tool for the service of modern commercial and industrial 
enter prises. 

This paper discusses some of the economic principles which 
determine the applicability of the automatic printing telegraph. to 
present-day communication problems. Examples are given of the 
application of this type of apparatus to modern business conditions 
and. the fundamental fact is demonstrated that whenever speed is 
essential in communication, consideration should be given to the 
automatic printing telegraph. 


The discussion is limited to those forms of light traffic load 
printing telegraph systems which have been developed particularly 
for linking together the departments of the factory, the terminal 
points of the railroad, the branches of the banking, the brokerage 
or the selling organization or the units of any other large corporation. 


A description is then given of the principle of operation of three 
such systems, somewhat in detail, as there is very little literature on 
the subject. 
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OBJECT AND SCOPE OF THE PAPER 

N transmitting intelligence from one point to 
another, the requirements of one case differ widely 
from those of other cases. Sometimes speed of 
service is the important item, while under certain 
other conditions speed may be sacrificed for the sake 
of economy, or perhaps both speed and economy may 
have to be sacrificed for some other consideration— 
for instance, the transmission of original documents. 

To meet the needs of these different problems, 
various types of communication systems are now in oper- 
ation and it is becoming more and more of a problem to 
choose the system that will best meet the requirements 
of a given case. The business executive instinctively 
turns to the systems he is used to, and in many instances 
does not take the time to find out what other methods 
of communication are available. Too often a mes- 
senger service is used where mechanical conveyors of 
some kind should be in operation, or additional tele- 
phones are pressed into service where a printing tele- 
graph system might be installed to advantage. Per- 
haps one of the most direct causes of this condition 
is a lack of literature on the subject. 

It is the object of this paper, therefore, to point out 
very briefly some of the advantages of a branch of the 
communication art which is not very well-known to the 
average business man or industrial plant engineer and 
to describe briefly the operation of a few systems in 
this class. 

The systems referred to are automatic printing tele- 
graph systems. These may be divided into two classes: 

1. Heavy traffic load systems. 

2. Light traffic load systems. 

Where the traffic load is approximately 80 words 
per minute or over, the volume may be handled with 
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heavy traffic load systems. Smaller loads do not, 
as a rule, warrant the installation of an elaborate 
heavy traffic load system, but may best be handled 
with light traffic load systems. Of course, such 
conditions as fluctuations in traffic, speed of service or 
other considerations may justify the installation of a 
heavy traffic load system in cases where the average 
traffic load is less than 80 words per minute, for instance, 
where the traffic often fluctuates far above normal and 
where speed of service is important. For a general 
discussion, however, the above division may be taken 
as applying to a majority of cases. 

Heavy traffic load systems have been described in 
various other papers! presented before the Institute but 
very little mention has been made of the light traffic load 
system. The following discussion will therefore be 
limited to three light traffic load systems developed 
within the last five or six years, namely: 

1. The Morkrum “green code’”’ system. 
2. The Western Electric “start stop’ system. 
3. The Kleinschmidt system. 


APPLICATIONS OF PRINTING TFLEGRAPH EQUIPMENT 
TO COMMERCIAL CONDITIONS 

The three most important savings effected with 
printing telegraph systems are savings of time, line 
wire and labor. 

The distance between the sending and receiving 
station does not necessarily have to be as great for the 
sake of economy, as is often assumed. A printing 
telegraph system will often pay for itself by the saving of 
time alone. Take, for instance, a concern where orders 
are received at a central point, to be filled, part at one 
department and part at other departments in the same 
plant. Ordinarily such orders are sent to the first de- 


.1. John H. Bell, “Printing Telegraph Systems.”’ A. I. E. E. 
Trans. Vol. XX XIX, Part 2, 1920. 
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partment where certain items are placed on a truck to- 
gether with the orders. The truck is then sent to the 
next point, where additions are made, and so on until the 
truck passes through all stations involved. This method 
requires a considerable amount of time which may be 
saved by using a printing telegraph system. If a 
receiving set is installed in each department, that part 
of an order which applies to the first department may 
be sent by wire to the first department, and that part 
which applies to the second department may be sent to 
the second department, ete. All this may be done auto- 
matically while making out the invoice. In one opera- 
tion, therefore, the invoice is made out and the order is 
sent to the proper sections of the plant. All depart- 
ments receive their parts of the order at practically 
the same time, and each may therefore start work 
immediately without having to wait for the others. 
The items are then brought together in the shipping 
room where they are checked against the original order 
and sent out. This is one instance where the saving 
of valuable time justifies the installation of a light traffic 
load printing telegraph system. 

To illustrate a condition where line wire may be 
saved, we may assume a problem where there is a 
need for rapid transmission of a fairly large volume 
of traffic from New York to Chicago. Let us consider 
that speed is an important factor, and that, during the 
busy hours, the traffic load is over 40 words per minute. 
If Morse operators were placed at each point, an aver- 
age of between 30 and 40 words per minute would be 
the most that could be handled, and to handle the 
traffic two line wires would have to be leased. The 
cost of the wires with two Morse operators at each end 
would be approximately as follows: 


Two leased wires (approximately) 
Four Morse operators at $1800 per 


$40,000 per year 


1200, » Geate 
$47,200 


The installation of a light traffic load system makes 
the second line wire unnecessary. The annual charges 
under this arrangement would be approximately as 
follows: 


“ “ 


One Leased wire (approximately). .' $20,000 per year 


Two Operators at $1200 per year... 2,400 “ « 
*Two Maintenance men at $1800 
PED VEAP cs. ot kas eee SOW eras 
Annual charges on equipment 
figuring a depreciation over a 
period of 8 years, interest, taxes, 
administration and repair parts 
(approximately) ”, =f: San eee ee £000 "2 # 
Sa ON ee 


*This figure is kept high for purposes of illustration. A still 
greater saving would be shown in an actual case, as the main- 
tenance men would either be free most of the day to do other 
work, or would act as operators, thus wiping out the $2400 
operator charge. 
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By using automatic equipment, the speed may be 
very materially increased at a saving of approximately 
$20,000 per year over what it would cost to increase the 
speed by adding additional Morse operators. This. is 
an instance where a saving of line wire more than 
justifies the installation of a light traffic load printing 
telegraph system. 

Perhaps the best illustration of how a saving of 
labor can be effected, by the installation of automatic 
equipment, is the case of press associations. At one 
time a well-known press association employed as many 
as 100 messengers to deliver news to various news- 
papers scattered throughout a city. Light traffic 
load printing telegraph systems are now giving these 
papers far better news service, and, by means of periodic 
inspections, just a few maintenance men keep the 
equipment in order. At each newspaper office a 
receiving set is installed, and one transmitting set at 
the central bureau sends news to all of the newspapers 
simultaneously. The editors at the various news- 
papers tear off the printed copy from time to time but, 
as paper is fed into the printers automatically, no 
other attention is necessary. 

These are only a few of the cases where automatic 
equipment may be used to advantage. Many others 
might be mentioned. Line wire plays but a small 
part in the first example, and in the second example 
this system of communication will still prove advantage- 
ous even if no saving in labor is shown. In all three 
cases, however, speed is essential and automatic 
equipment offers a promising solution of the problem. 

The system chosen must be capable of operating 
at rates of speed slightly higher than that required 
for handling the average traffic load. At first glance 
it might appear that to increase the speed of a set 
above the point where it can handle the traffic under 
normal conditions would be destructive to the machines. 
Such is not the case, however. With equipment de- 
signed for a range of between 40 and 80 words per 
minute, the -wear is the same for every 1000 words 
printed, no’ matter whether that 1000 words is printed 
at a speed of 40 words per minute or 80 words per min- 
ute. On long or poor lines, speed is limited by the 
carrying capacity of the line, but for shorter distances 
the speed should be regulated, not from the stand- 
point of wear on the machines, but in accordance 
with the traffic load. It has even been found prac- 
tical to speed up above the sending capacity of one op- 
erator and to employ two operators at the sending sta- 
tion during the busy hours. 


METHODS USED IN COMMON BY SYSTEMS TO 
BE DESCRIBED 


All three of the systems to be described make use 
of the following basic methods: 

Messages are first prepared as perforations in a 
paper tape by typists familiar with a standard type- 
writer keyboard and the tape is then fed through a 
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transmitter which translates the perforations into 
line signals and steps the tape forward one character 
at a time. At the other end of the wire the message 
is automatically received on a printer in page form. 
Each system employs a different type of perforator 
but the perforated tape prepared by any one of them 
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Specimen of tape with all characters perforated. 


Fie. 1—ComsinatTions oF Positive AND NEGATIVE IMPULSES 
REPRESENTING THE DIFFERENT CHARACTERS 


may be used on any of the three systems and also on 
the_jmultiplex system used by the Western Union 
Telegraph Company.2 Likewise each system employs 
a different type of printer but certain standards are 
adhered to so that any one of them may be used inter- 
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Fig. 2—ScuemMatic WirInGc DiaGRAM OF TRANSMITTING 
AND RECEIVING APPARATUS 


changeably with the printers used in the multiplex 
system.’ : 

A five-unit code provides 32 combinations of positive 
and negative impulses as in the multiplex system. 
These impulses are used to operate five selecting mag- 
nets in the printer. For every character selected, one 
or more of the selecting magnets is operated. This 


2. John H. Bell “Printing Telegraph Systems,’’ loc. cit. 
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makes it possible to select any one of the 26 letters 
of the alphabet or any one of the functions such as 
“space,” “carriage return,” “line feed,” “figure shift,”’ 
or “letter shift.” Counting both the upper and the 
lower case positions, 52 letters, numbers or other 
characters are possible. Fig. 1 shows the various 
combinations of positive and negative impulses that 
represent each of the different characters. 

Motor-driven distributors are employed at both 
the sending and the receiving stations to transmit the 
line signals from the sending station at a uniform rate 
of speed and to receive and interpret these signals at 
the receiving station. The speed of the motors at 
each end of the line is maintained uniform by governors. 

Fig. 2 is a schematic wiring diagram showing the 
principle involved in sending and receiving. 

The speed at which signals are sent over the line 
depends on the speed of the transmitting shaft at the 
sending end. As the line relay at the receiving end 
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operates in accordance with these signals, in order to 
select any one of the five selecting magnets in the 
printer, the receiving brush arm must pass over the 
corresponding receiving segment at the same time that 
a marking impulse is sent over the line and the line 
relay tongue is resting against its marking contact. 

When the transmitting station stops sending, the 
receiving brush arm is held stationary by a magnet. 
At the beginning of each set of signals, a start impulse 
precedes the first selecting impulse and operates this 
magnet thereby releasing the receiving brush arm. The 
five selecting impulses follow and the proper selecting 
magnets are operated successively as the brushes pass 
over the receiving segments. 

These fundamental features apply to all three systems 
but the method by which line signals are transmitted 
from the sending station and interpreted at the receiv- 
ing end is quite different in each system. 


MorkruUM “GREEN CODE” SYSTEM 
Fig. 3 shows a Morkrum terminal set. The perfo- 
rator is shown at the right and the printer at the left 
with the transmitter and distributor between them. 
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Transmission. Fig. 4 is a schematic wiring diagram 
of the circuits involved in transmitting signals over 
the line. 

The tape that is prepared by the perforator is fed 
through the transmitter and is stepped forward once 
for each revolution of the transmitting brush arm, 
Fig. 4, in the distributor. Fig. 5 shows the tape- 
feeding mechanism. When the contact A B, in the 
distributor, is closed, the transmitter magnet moves 
lever AC clockwise about its pivot A D and feeds 


AG 
\ 


TRRASPUITTUYE 


TRALYSIVITTER 
COMTUTRTOR — 


(Vagrer 


Fig. 4—Scurematic Wiring DraGramM or TRANSMITTING 
CIRCUITS 


the tape forward. When the transmitter magnet is 
de-energized it allows the tape pin contact levers A E 
to move counter-clockwise about their pivot point A D 
until the pins A F reach the level of the tape. If a 
pin is blocked by the tape the contact tongue AG 
remains against its spacing contact. If the perforations 
in the tape permit a pin to go through the tape, how- 
ever, the corresponding contact tongue AG moves 
over against its marking contact. There are five pins 
AF and five contact tongues AG and each contact 
tongue is connected to a segment on the transmitting 
commutator. Consequently when the _ transmitter 
magnet is de-energized each segment will be connected 
to marking or spacing battery according to the per- 
forations in the tape. Segment A H is permanently 
connected to marking battery and segment AJ is 
permanently connected to spacing battery. As the 
transmitting shaft A A revolves, the brush first sends 
a spacing signal which is called the start impulse and 
then the selecting impulses in accordance with the 
code combination set up in the transmitter. 

The speed may be set so that transmission is carried 
on at any desired rate from 40 to 65 words per minute. 

For every revolution of the transmitting shaft, 
eight impulses are sent to the receiving station. Two 
are for synchronizing purposes, one is for sending a 
bell signal to the distant station without interfering 
with the message being transmitted, and five are for 
selecting purposes. Communication is therefore car- 
ried on at a line frequency of eight units or 4 cycles per 
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character. Sixty words per minute represents a line 
frequency of 24 cycles per second. 

The transmitting shaft is not stopped after each 
revolution but continues to revolve until transmission 
is stopped by the raising of the arm A R. Normally 
when the transmitter cam contacts A B are closed, 
current flows through both windings of the differentially 
wound auto-stop relay A K. The transmitter magnet 
is therefore operated but as the current flows through 
the auto-stop relay windings in opposite directions, 
the latter will not be operated. If, however, the auto- 
stop arm A R is lifted and the transmitter cam contacts 
closed, current will flow through the transmitter 
magnet and through only one winding of the relay. 
This operates both the transmitter magnet and the 
relay— the relay locking itself in the operated position. 
The transmitter magnet remains energized until the 
auto-stop arm is again lowered. During this time the 
pins are held down and transmission of code combina- 
tions is stopped, but the transmitting brushes continue 
to revolve, sending out starting impulses once every 
revolution. 

If for any reason, it is desired to repeat a character 
a number of times the switch A L may be opened, 
thereby opening the circuit to the transmitter magnet 
and allowing the tape to remain stationary with the 
proper marking and spacing battery combination set 
up at contact tongues AG. Inasmuch as the tape is 
not stepped forward, the same character is sent over 
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and over again as long as the switch A L remains open 
and the brush arm continues to revolve. 

In order to signal quickly to the distant station an 
extra segment A M (Fig. 4) is provided on the trans- 
mitting commutator. When the break key is held 
down, marking battery is connected to the segment A M . 
and a marking impulse is sent over the line immediately 
after the start impulse. This impulse operates a bell 
at the receiving station in a manner which will be 
described later. 
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Reception. Fig. 6 shows the manner in which the 
receiving units are connected electrically. 

The brush arm A N is mounted on a sleeve together 
with the start magnet cam A S the break circuit cam 


AP and the stop cam AT. A motor drives this. 


sleeve through a clutch, at a speed slightly higher than 
the speed of the transmitting shaft at the sending end. 
This increased speed is compensated for by delaying 
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Fig. 6—ELeEctTrRIicAL Connections oF Receiving Units 


the brush arm after each character sufficiently to keep 
the sending and receiving stations in step. 

Normally the brush arm is held stationary by the 
start magnet A U with the start magnet contact A V 
closed. When transmission is started a spacing impulse 
precedes the bell and selecting impulses, a circuit is 
completed through the spacing contact of the line 
relay, the start magnet is operated, and the brush arm 
is released. After the brush arm is released it revolves 
at a rate of speed slightly higher than that of the trans- 
mitting brush arm but the distance from center to 
center of the receiving segments is such that the 
time required for the brushes to pass from the center 
of one segment to the center of the next is equal to 
the time required for the transmission of one impulse of 
unit length. The brushes therefore, pass over the 
center of the receiving segments durng the middle of 
the incoming impulses. 

Battery is connected to the solid ring of the receiving 
commutator whenever the line relay tongue moves 
over against its marking contact. Each one of the 
receiving segments is connected to a corresponding 
selecting magnet in the printer. If, therefore, the 
brush passes over receiving segment No. 1 while the 
line relay tongue is against its marking contact the 
first selecting magnet will be energized, and similarly 
with the second, third, fourth and fifth selecting 
magnets. As the brushes pass over each segment in 
turn they will or will not carry current to each succes- 
sive selecting magnet according to whether or not 
the line impulse then being received is of marking or 
spacing polarity. 

If a marking impulse is received directly after the 
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start impulse the line relay tongue will be resting 
against its marking contact as the brushes pass over 
the bell segment B and the break relay AO will be 
operated. This relay in turn operates a bell through 
the bell relay. Attached to the brush arm sleeve is a 
break cam A P which breaks the locking circuit to the 
quick-acting break relay A O just before the receiving 
brushes reach the segment B. If the receiving brushes 
reach this segment before the break key at the trans- 
mitting station is released, the break relay will again 
be operated before the slow acting bell relay has time 
to open the circuit to the bell. Only one bell signal is 
transmitted no matter how long the break key is 
held down. 

After the brushes pass over the bell segment and 
the five selecting segments they complete a circuit 
through the marking contact of the line relay to the 
sixth pulse relay in the printer. : 

The printer, Fig. 7, used with this system, prints 
from a typewheel, which rotates to the proper letter 
and is then thrown forward against the paper. After 


“GREEN 


Fie. 7—Printer Usep with Morkrum 
Copr’’ SystmEM 


each letter is printed the typewheel itself is stepped 
to the right, the paper remaining stationary, and at 
the end of each line of printing the paper is moved 
upward. 

When a selecting magnet is energized, a disk or 
interference plate is rotated as shown in Fig. 8. There 
are four interference plates controlled by the first, 
second, third and fifth selecting magnets. The fourth 
selecting magnet does not move an interference plate 
but operates the fourth-pulse relay which in turn 
decides the direction of rotation of the typewheel. 
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The arrangement of the five-unit code (Fig. 1) is such 
that there are exactly 16 combinations which contain 
the fourth pulse and 16 combinations which do not 
contain the fourth pulse. The printer is arranged, 
therefore, so that whenever a code combination con- 
taining the fourth pulse is received, the typewheel 
revolves counter-clockwise and when a code combina- 
tion that does not contain the fourth pulse is received 
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the typewheel revolves in a clockwise direction. The 
degree of rotation of the typewheel, for any letter, 
is a fraction of one-half of a revolution of the typewheel 
in either direction depending on the character selected. 

After the interference plates are moved, the sixth- 
pulse relay (Fig. 9) is operated and supplies battery 
to the drum magnet. When the drum magnet is 
energized it pushes a set of stop pins against the inter- 
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ference plates. These plates (Fig. 10) are cut out 
in such a way that only two pins are allowed to go 
through all four plates at any one time. 

If the letter “E” for instance is selected, the first 
interference plate is moved and the operation of the 
drum magnet pushes two pins through the interference 
plates. These pins A Y and AZ, are on opposite 
sides of an index arm A W which is connected to the 


REIBER: PRINTING TELEGRAPH SYSTEMS 


Transactions A. I. E. E. 


typewheel by means of the square shaft A X. Inas- 
much as the “E”’ code combination does not contain the 
fourth pulse, the fourth-pulse relay will not be operated 
and the operation of the sixth-pulse relay will connect 
battery to the wpper set of rotating magnets thereby 
rotating the typewheel clockwise until the index arm 
AW strikes the pin AY. If, however, the letter 
“T)”’ is selected, not only the first selecting magnet 
but also the fourth selecting magnet is energized 
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thereby operating not only the first interference plate 
but also the fourth-pulse relay. In this case the same 
pins are pushed through the interference plates as for 
the letter “E” but in the case of the letter “D” 
selection, the operation of the fourth-pulse relay 
directs battery to the lower set of rotating magnets, 
when the sixth-pulse relay is operated. The typewheel 
is then rotated counter-clockwise until the index arm 
strikes the pin A Z. 
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When the pins are pushed through the plates a 
contact A B E (Fig. 9) is closed and the reset magnet 
(Fig. 8) is operated. The operation of the reset magnet 
restores the trip rods A B D and closes the reset contact 
(Fig. 9). When the reset contact is closed a circuit 
is completed through the print relay contacts and the 
striker and space magnets are energized. The opera- 
tion of the space magnet (Fig. 11) compresses a spring 
ABA which in turn spaces the typewheel carriage 
forward when the space magnet is released. The 
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striker magnet throws the typewheel against the platen 
thereby printing the selected character and opening 
the mechanical main break contact. The opening 
of the main break contact (Fig. 9) breaks the locking 
circuit to the sixth-pulse relay, and as the current to 
all of the magnets is routed through the sixth-puls¢ relay 
contact, battery is disconnected from the drum magnets, 
the rotating magnets, the striker magnet and the space 
magnet. The typewheel is spaced one space forward 
and the printer is again ready to gothrough the same 
cycle of operations for the next selected character. 
Spacing between words, shifting to print figures, 
and the other functions, are controlled by function 
contacts (Fig. 9) located over notches cut in the top 
edges of the interference plates. When the “space” 
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signal is received, for instance, the third interference 
plate is moved and a notch, under the space contact, 
allows the latter to close thereby connecting battery 
to the space magnet through one winding of the cut- 
out relay. When the space magnet is energized, the 
cut-out relay is also operated, closing a circuit to the 
main break relay. This relay opens the locking circuit 
of the sixth-pulse relay and disconnects battery from 
the space magnet. During this operation the reset 
magnet and the print relay are operated as usual but 
no printing occurs inasmuch as the circuit to the 
striker magnet is broken through the back contact 
of the cut-out relay. 

On the under side of the typewheel carriage are 
mounted two pawls A BB (Fig. 11) which mesh with 
a fixed rack and a movable rack A B C located directly 
under them. When thespacing magnet isenergized, the 
movable rack is moved to the left so that one of the 
pawls drops into the next tooth on the rack. When the 
spacing magnet is de-energized, the movable rack is 
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returned to its normal position by the spacing spring 
A BA and moves the carriage forward one space. 

When a “carriage return” selection is received, the 
carriage return function contact operates the cut-out 
relay and a carriage return solenoid. This solenoid 
raises a bar located between the two racks, lifting the 
pawls clear of the teeth. The typewheel carriage is 
then drawn to the left for a new line of printing by a 
cord wound around a spring-operated drum. 

When the “figure shift” signal is received, the figures 
magnet is energized through the figures function 
contact and one of the windings of the cut-out relay. 
The figures magnet moves the typewheel upward, 
ready for the printing of numbers or punctuation marks. 

When the “letter shift” signalis received the letters 
function contact is closed, thereby operating the letters 
magnet which releases the catch that holds the type- 
wheel in its upper case position. 

When the ‘‘line feed” signal is received, a line feed 
magnet is operated by the line feed function contact 
and, by means of a pawl and ratchet mechanism, feeds 
the paper upward ready for a new line of printing. 


WESTERN ELEcTRIC “START STOP’? SYSTEM 


Fig. 12 shows a Western Electric terminal set. 
The perforator is shown at the right with the printer 
directly behind it and the transmitter is shown at the 
left in front of the distributor. 

Transmission. Fig. 13 is a schematic wiring diagram 
of the circuits involved in transmitting signals over 
the line. 

The Western Electric system is equipped for either 
direct keyboard or perforated tape operation and may 
be operated at any desired speed from 40 to 65 words 
per minute. 

The tape that is prepared when the perforator is 
used is fed through the transmitter and is stepped 
forward once for every revolution of the transmitting 
brush arm B B in the distributor. Fig. 14 shows the 
tape feed mechanism. When the brushes pass over 
the transmitter segment BC (Fig. 13) the transmitter 
magnet (Fig. 14) moves lever B D about its pivot B E 
and feeds the tape forward. 

When the transmitter magnet is de-energized, the 
tape pins B F move upward until the tops of the pins 
reach the level of the tape. Ifapin is blocked by the 
tape the contact tongue B G remains against its spacing 
contact. If the perforations in the tape permit a pin 
to go through the tape, the corresponding contact 
tongue B G will move over against its marking contact. 
There are five pins B F and five contact tongues B G 
and each contact tongue is connected to a sending 
relay (Fig. 18). Consequently when the transmitter 
magnet is de-energized and battery is applied to the 
marking contacts, the proper sending relays will be 
energized according to the perforations in the tape. 
Whenever a sending relay is energized, it closes a 
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circuit to the corresponding transmitting segment and 
a locking circuit holds the relay operated. 

To send a marking impulse, the line is closed, and 
to send a spacing impulse the line is opened. Seg- 
ments B H and B J are wired so that when the brushes 
pass over segment B H the line will be closed and when 
they pass over segment BJ the line will be opened. 
As the transmitting brushes revolve they first send out 
a spacing signal which is called the start impulse and 
then the selecting impulses in accordance with the 
code combination set up in the sending relays. 

In order to send positive and negative impulses to 
the receiving station, a pole-changer may be operated 
from the transmitting segments. The signals are then 
sent over the line from the pole-changer. 

For every revolution of the transmitting brushes, 
seven impulses are sent to the receiving station. Two 
are for synchronizing purposes and five are for selecting 
purposes but one of the synchronizing impulses is 
longer than the other. Communication is therefore 
carried on at a line frequency of between seven and 
eight units or between three and one-half and four 
cycles per character. Sixty words per minute 
represents a line frequency of a little over 21 cycles 
per second. 

The transmitting brush arm BB is stopped once 
every revolution but is almost immediately released 
provided the tape control lever contact is closed. 
If, however, the tape control lever contact is open when 
the local brushes B L reach the segment B K, the cir- 
cuit to the start relay will be open and the start magnet 


will not be operated. The brush arm will then come 
to rest so that the transmitting brushes rest on the 
segment B H thereby closing the line until transmission 
is again started. 

When the tape control lever contact is again closed 
it completes a circuit through the local segment B K 
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to the start relay and starts transmission. The start 
relay in turn operates the start magnet, the transmitting 
brush arm is released and circuits to the sending relays 
are closed through the marking contacts in the trans- 
mitter. 

When the local brushes leave the segment B K, the 
locking circuit to the start relay is broken, the start 
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relay is de-energized and the circuit to the marking 
contacts in the transmitter is broken. During the 
time that the start relay is energized the selection is 
transferred from the transmitter to the sending relays 
ready to be sent to the receiving station one impulse 
after the other as the transmitting brushes pass over 
segments Nos. 1, 2, 3, 4 and 5. 


Directly after the circuit to the marking contacts 
in the transmitter is broken the local brushes pass over 
segment BC operating the transmitter magnet and 
stepping the tape forward so that the next character 
in the perforated tape is presented above the pins. 


If it is desired to repeat a character a number of times 
the switch B T may be operated to open the circuit 
to the transmitter magnet. Inasmuch as the tape is 
not stepped forward, the same character is sent over and 
over again as long as the switch B T remains open and 
’ the brush arm continues to revolve. 
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After the fifth selecting impulse is sent, the local 
brushes pass over segment B N and the lockout relay 
is energized. The operation of this relay breaks the 
locking circuit to the sending relays and the relays are 
de-energized. 

As long as the tape control lever contact remains 
closed, the start relay and start magnet will be energized 
whenever the local brushes pass over the segment 
BK and the transmitting brush arm will therefore 
continue to revolve. 

With direct keyboard operation the circuit to the 
transmitter magnet remains open and the selection 
that is set up on the selecting contacts in the perforator- 
transmitter, whenever a key lever is depressed, is 
transferred directly to the sending relays. From that 
point the operation of transmitting a character is 
practically the same as that described above. 

In order to prevent sending a second selection to the 
sending relays before the first selection is sent over the 
line the common return wire from the keyboard select- 
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ing contacts is routed through the back contact of the 
keyboard relay which is in series with the locking 
circuit for the sending relays. When the sending 
relays are de-energized, by the operation of the lock- 
out relay, the back contact of the keyboard relay is 
again closed permitting the next selection to be sent 
from the selecting contacts to the sending relays. 

With keyboard operation a contact that is closed by 
the operation of the keyboard relay takes the place 
of the tape control lever contact described above. 
The transmitting brush arm stops, therefore, after 
every revolution and remains stationary until a key 
lever is depressed and the keyboard relay is operated. 

Reception. Fig. 15 shows the manner in which the 
receiving units are connected electrically. 

The light brush arm is clutch-driven and the speed 
of the shaft that drives the brush arm is the same as the 
speed of the transmitting brush arm at the sending end. 
When the start impulse is received the receiving brush 
arm is released and revolves at the same speed as the 
transmitting brush arm. 

Normally the brush arm is held stationary by the 

start magnet with the local brushes resting on the 
start segment BQ. When the receiving brushes are 
at rest and the line is opened battery is supplied to the 
start magnet through the back contact of the line relay 
and the brush arm is released. 
_ When the line is closed battery is connected to the 
segment BP through contacts on the line relay, and 
when the line is opened battery is cut off. If the line 
is closed, therefore, when the receiving brushes pass 
over segment No. 1, the first selecting relay will be 
energized and similarly the second, third, fourth and 
fifth selecting relays. As the brushes pass over each 
segment in turn they will or will not carry current to 
each successive selecting relay according to whether 
the line is closed or open at that particular instant. 

After the brushes pass over the five selecting seg- 
ments a local circuit is completed through segment 
BR and segment No. 6 to the sixth-pulse relay in the 
printer and the brush arm is again stopped by the 
start magnet armature. 

The printer, Fig. 16, is of the movable-carriage 
type where the paper that receives the message is 
moved one space to the left after each character is 
printed. Printing is accomplished by pushing the 
paper against a type wheel which revolves in one 
direction on a vertical shaft and which may be raised 
or lowered for printing upper or lower case characters. 
This printer is described in J. H. Bell’s Institute paper 
on printing telegraph systems and therefore needs 
no further mention. 


KLEINSCHMIDT SYSTEM 


Fig. 17 shows a Kleinschmidt terminal set. The 
perforator is shown at the right and the printer at 
the left with the transmitting and receiving distributors 
between them. 
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Transmission. Fig. 18 is a wiring diagram of the 
circuits involved in transmitting signals over the line. 
The transmitting mechanism is entirely mechanical 
and is like that of a Wheatstone transmitter. 

The tape that is prepared by the perforator is fed 
through the transmitting distributor and is stepped 
forward by means of the cam H and the pawl J, once 
for every half revolution of the transmitting shaft A 
(Fig. 19). For every revolution of the transmitting 
shaft two characters are sent over the line. 

The transmitting cam shaft A is motor-driven 
through a friction clutch at any desired speed from 40 
to 80 words per minute. As the shaft A revolves, 
the cam B moves lever C about a pivot D allowing the 
spring # to draw the pin F upward. If a hole in the 
perforated tape presents itself above the pin F, the 
latter pin will pass through the tape and the contact 
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tongue G will move over against its negative or marking 
contact as shown. If, however, the pin F is blocked 
by the tape, the contact tongue G will remain against 
its positive or spacing contact as illustrated in Fig. 20. 
Six cams B, six levers C and five pins F are located 
one behind the other and operate in succession. 

The contact tongue is connected directly to the line. 
Positive and negative impulses are therefore sent over 
the line as the five pins F' move upward, one after the 
other, and are blocked or are not blocked in accordance 
with the perforations in the tape. 

At the beginning of every character one of the cams 
on the transmitting shaft A actuates a train of mech- 
anism similar in every respect to that described above, 
except that no vertical pin F is included. At the begin- 
ning of each character the transmitting tongue moves 
to the right and sends out a marking impulse. This 
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impulse is followed by the five selecting impulses and 
then a spacing impulse. 

For every character transmitted, therefore, seven 
impulses are sent to the receiving station. Two are 
for synchronizing purposes and five are for selecting 
purposes. Communication is carried on at a line 
frequency of seven units or three and one-half cycles 
per character. Sixty words per minute represents a 
line frequency of 21 cycles per second. 
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The transmitting cam shaft A is not stopped after 


“each character, but revolves constantly, sending out 


one character after another until the sending station 
wishes to stop transmission, which may be done at 
any time by moving a lever in the path of a stop arm 
attached to the transmitting cam shaft A. When the 
cam shaft A is stopped transmission ceases although 
the motor continues to drive the friction clutch through 
which the cam shaft is driven. 
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If, for any reason, it is desired to repeat a character 
a number of times, the button O (Fig. 20) may be de- | 
pressed so as to hold the pawl J out of engagement 
with the tape feed wheel ratchet. In this way the 
tape will remain stationary and the same character 
will be sent over and over.again as long as the trans- 
mitting cam shaft A continues to revolve and _ the 
button is depressed. ; . 

In order to signal quickly to the distant station, a 
bell signal mechanism is provided as illustrated in 
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Fig. 21. Shaft K is clutch-driven and revolves only 
when the bell handle L is moved to the right. When 
the handle L is moved to the right, and then released, 
the shaft K is released and the transmitting cam shaft 
A is stopped during one revolution of the shaft K. 
During this revolution the cam M moves the contact 
tongue G back and forth by means of the levers shown, 
sending the characters “figure shift,” “J,” and “letter 
shift” over the line. Whenever the letter “J” is selected 
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in the printer, while the carriage is in the upper case, 
a bell is rung and no printing takes place. If the bell 
handle L is held over to the right when the shaft K 
completes one revolution the latter will continue to 
revolve sending out a bell signal to the distant station 
once every revolution as long as the bell handle is 
held over. When the bell handle is released, however, 
the shaft K will be stopped and the transmitting 
cam shaft A will continue its motion. At the beginning 
of each revolution of the shaft K, asmall mechanical 
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bell is operated so that the operator at the sending 
station may know how long to hold the bell handle L 
to the right in order to send out any desired number 
of bell signals. 

Reception. Fig. 22 shows the manner in which the 
receiving units are connected electrically. 

The receiving distributor is entirely separate from 
‘the transmitting distributor.. This necessitates two 
motors, but with this arrangement transmission may 
be carried on in opposite directions at different speeds 
and accurate speed adjustments are not necessary. 
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The light brush arm N is clutch-driven at a speed 
slightly faster than the speed of the transmitting cam 
shaft at the sending end. This increased speed at the 
receiving station is compensated for by delaying the 
brush arm, after each character is received, sufficiently 
to keep the sending and receiving stations in step. 
Normally the brush arm is held stationary by the 
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start magnet armature with the brush resting on the 
start segment and the relay tongue held against its 
spacing contact. When a character is received a 
marking impulse precedes the first five selecting im- 
pulses and a circuit is completed through the marking 
contact of the line relay, the start magnet then is 
operated and the brush arm released. 
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Positive battery is connected to the solid ring of the 
receiving distributor and the marking contact of the 
line relay is in series with the common return wire 
for the selecting magnets and the start magnet. Each 
one of the selecting magnets in the printer is connected 
to a corresponding receiving segment. If, therefore, the 
brush passes over receiving segment No. 1 while the line 
relay tongue is against its marking contact, the first 
selecting magnet will be energized and similarly the 
second, third, fourth and fifth selecting magnets. As 
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the brushes pass over each segment in-turn they will 
or will not carry current to each successive selecting 
magnet according to whether or not the line impulse 
then being received is of marking or spacing polarity. 
After the brushes pass over the five selecting seg- 
ments they pass over a sixth-pulse segment, completing 
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a circuit through the sixth-pulse magnet in the printer 
and then again come to rest on a start segment. 

The printer, Fig. 28, is a type-bar printer of the 
movable-paper carriage type similar to a standard 
typewriter. The paper is moved to the left after each 
character is printed and is fed upward at the end of 
each line of printing. 
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When a selecting magnet is energized its armature 
lifts a pawl P (Fig. 24) in the path of a selector bar and 
a latch Q locks it in this position. Five pawls P 
are located on a bar that is moved by the sixth-pulse 
magnet. When the selection is stored up in the pawls 
on this bar, the sixth-pulse magnet is operated and the 
pawls that were lifted move the corresponding selector 
bars to the right. 
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Each type-bar (Fig. 25) is connected to a pull-bar 
mounted directly above and at right angles to the 
selector bars. When one or more of the selector bars 
is moved to the right a slot is presented under one of 
these pull-bars and the selected pull-bar drops so that 
a hook on the under side of the pull-bar is in the path 
of an operating bail R. This bail is moved by an 
operating solenoid whenever a pull-bar drops into a 
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slot in the selector- bars. In this way the selected 
type-bar is thrown upward and the proper character 
is printed. 

Spacing after every letter is provided for by means 
of a spacing solenoid which is energized whenever a 
type-bar moves upward. Spacing between words is 
accomplished in a similar manner except that the type- 
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bar selected does not carry any type and therefore does 
not print. 

On the back of the carriage a rack (Fig. 26) is 
mounted which meshes with a gear on top of a vertical 
shaft. The spacing solenoid turns the ratchet on the 
bottom of this vertical shaft, the motion being trans 
mitted to the carriage by means of the vertical shaft, 
and the carriage is thus stepped forward after each 
character is printed. The spacing ratchet is not 
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rigidly attached to the vertical shaft, however, but 
drives it through a clutch (not shown). A carriage 
return spring is wound up as the carriage is spaced 
along and exerts a force on the vertical shaft tending 
always to return the carriage to the beginning of a 
new line of printing. When the clutch is in its normal 
closed position this force is held in check by a retaining 
pawl acting against the spacing ratchet. When the 
“carriage return’ signal is received, the ‘carriage 
return” pull-bar drops into its notch in the selector 
bars and a contact is closed, thereby operating a 
carriage return magnet which disengages the clutch. 
The spring on the vertical shaft is released from the 
restraining action of the retaining pawl and returns 
the carriage to the beginning of a new line of printing. 
When the carriage reaches this position it opens the 
locking circuit to the carriage return magnet and the 
clutch is returned to its normal closed position, again 
connecting the spacing ratchet to the vertical shaft. 

The various other functions are either performed 
mechanically directly from the pull-bars or are operated 
by means of solenoids controlled by the pull-bars. 

When the “‘figure shift” signal is received, for instance, 
the “figure shift’’ pull-bar drops into its notch in the 
selector bars and a contact is closed thereby energizing 
the shift solenoid. The latter then lifts the front end 
of the carriage and a latch holds it in its shifted position 
so that figures or punctuation marks may be recorded. 
When a “‘letter shift’’ signal is received and the “letter 
shift” pull-bar is moved forward by the operating 
bail the latch is released mechanically and the carriage 
drops back to its normal position. 

A ratchet that is operated by a pawl is mounted on 
the platen around which the paper is fed. This pawl 
is attached to a bail extending the length of the carriage 
and is operated by the line feed solenoid. When a 
“line feed’ signal is received, the operation of the 
proper pull-bar energizes the line feed solenoid and the 


paper is therefore moved upward a distance of one line. 


space to the next line of printing. 


Discussion 


R. E. Chetwood: At the present time, in the Western 
Union System, we have about 185,000 miles of trunk wires, 
equipped with automatic, printing telegraph apparatus. If 
the automatic apparatus had not been used it would have 
required approximately 460,000 miles of wire to handle the 
same amount of traffic. That shows a great saving in wire plant, 
due to the use of automatic apparatus. 
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Another figure that possibly would be of interest is that today 
approximately 75 per cent of the trunk line traffic is handled 
by automatic apparatus. By automatic apparatus, I refer to 
apparatus of the type described in the paper and also the heavy 
traffic apparatus which was described in Mr. Bell’s paper of 
two years ago. 

John H. Bell: The author has not mentioned that all three 
systems can be operated duplex. As a result of this omission 
the following sentence in the first column of page 89, towards 
the bottom which reads: ‘‘This necessitates two motors, but 
with this arrangement, transmission may be carried on in oppo- 
site directions at different speeds and accurate speed adjustments 
are not necessary,’ might lead one to think that in order to secure 
transmission in both directions, that is, to operate duplex, it 
is necessary to have two motors. Such is not the case. 1 
think.it was Mr. Reiber’s intention to emphasize the fact that 
a different speed in each direction is obtained by the use of two 
motors. 

He might have claimed for printing telegraphs the advantage 
of greater accuracy. In the majority of the operating rooms of 
one of the largest telegraph companies in this country, there 
are large notices reading: ‘‘Accuracy First.’’ In the final analy- 
sis, the standard of accuracy depends upon the operator, but 
the use of printing telegraphs enables the operator to give so 
much more time to the checking of the messages that the 
standard of accuracy is considerably higher than with the old 
Morse instruments. As a matter of fact, I believe that the 
number of undetected errors in the case of printing telegraph 
systems is only about thirty to forty per cent of the number 
of undetected errors with Morse. 

Just picture a telegraph organization in a position to print 
at the bottom of each message blank which goes out to the 
public—“There is no error in this message’. The use of the 
printing telegraphs has made it possible to proceed a long way 
toward that high standard. 

While on the subject of accuracy, I will mention one or two 
slight inaccuracies in the paper. Fig. 16 shows the Western 
Electric printer with relay box as arranged for multiplex opera- 
tion, which is different from the arrangement for the start stop 
system as shown in Fig. 12. Fig. 15 shows the Western Electric 
receiving face plate with four rings. Four ring face plates have 
been abandoned and now only the two rings are used. 

If the printer systems described by Mr. Reiber can successfully 
compete with the Morse system when operated by the skilled 
Morse operators in America—and they do—then there should 
be no difficulty in having them compete with Morse operators in 
other parts of the world. 

G. D. Robinson: What is the possibility of applying the 
printing telegraph to wireless communication? 

A. H. Reiber: I believe there will be developments along 
those lines in the future. In applying automatic printing tele- 
graph equipment to wireless communication there is a condi- 
tion, that of static, which is hard to overcome. Where the 
human element is involved, it is possible to receive signals even 
though they are badly mutilated but with automatic printing 
telegraph equipment, unless future developments correct the 
difficulty, static disturbances will occasionally cause unintelligible 
words. 
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Review of the Subject.—This paper is an endeavor to answer 
questions of practise and criticism of arresters brought out by an 
investigation conducted by the Protective Devices Committee. 

For the most part practise in lightning arresters is standardized. 
In fundamental principles there have been no changes for many 
years. Improvements in details, especially of construction, are 
still being made. A new arrester, the oxide film arrester, gets rid 
of the oil and electrolyte and avoids the necessity of daily charging, 

. but fundamentally it is designed along the same principles -as the 
aluminum arrester. The important principle is the electric valve 
action—there are but a few milliamperes of discharge rate at normal 
line voltage, but at abnormal line voltages the discharge current 
rise to hundreds of amperes. In answer to criticisms made by a 
few prominent engineers, it is maintained as fundamental that a 
large discharge rate for an arrester is an absolute essential. The 
burden of proof falls on those engineers who use arresters of low 
discharge rate. These arresters cannot discharge the dangerous 
lightning surges on overhead lines. Since there are lightning 
arresters of low discharge rate in apparently satisfactory use, an 
explanation for this anomaly is found in the use of insulators of 
low arc-over voltage. Hither the lightning potential is relieved 
locally at the insulator or the resultant traveling wave is of too low 
voltage when it reaches the transformer greatly to endanger the 
insulation. Poor line insulation is not a solution of the problem 
of continuity of service. Why not save the cost of the useless light- 
ning arrester? 

The current in such a traveling wave is about two amperes for 
every thousand volts of lightning potential, 600 amperes for 300 
kv. One to twenty-five ampere discharge rate of arresters has litile 
effect in reducing the lightning voltage. 

How many arresters should be used to protect a six-feeder system? 
It depends on the conditions of insulation in circuit breakers and 


OMMITTEE SURVEY. For several successive 
years the Technical Committee on Protective 
Devices, Mr. D.W. Roper, Chairman, has voted 
to make a survey of practise in lightning arresters on 
transmission circuits (not distribution), but each year 
there have been other matters which took precedence. 

Last year Mr. F. L. Hunt addressed a number of 
eminent transmission men with definite questions rela- 
ting to specific cases designed to bring out views on 
advisable practise and to obtain adverse criticism. 
In general their answers represent standard practise. 
There are a few variations from, what seems to the 
writer, good practise. These variations will be dis- 
cussed briefly by a presentation of definite reasons 
against them. 

Object. Briefly the object of this paper then is to 
discuss: First, variations from good practise, and 
second, proper differences in standard practise, which 
will be treated under one heading; and third, improve- 
ments and economies in the maintenance of aluminum 
arresters. 
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the importance of continuity of service. According to the condi- 
tions discussed in the body of the paper, from one arrester connected 
to the busbars to seven arresters with auxiliaries are needed. 

The use of no arresters is discussed from three standpoints. 

1. If it is contended that lightning is not of sufficient voltage to 
cause damage. 2. If it is considered a better investment to put 
lightning arrester money into spare transformers. 3. If t is 
considered good practise to so highly insulate a transformer as to give 
itimmunity from lightning. The conclusion reached is that each 
of these three arguments is dangerously faulty. 

A new method of inspection of aluminum arresters is proposed. 
The experiments given in the paper show that the power factor of 
the cells examined is very sensitive to their condition. There are 
promises of effecting economies in overhauling aluminum arresters 
and of lengthening their life. Experiences are given with a 33-kv. 
arrester in service thirteen years without overhauling. The plates 
are still in good condition. The usual damaging deposits of decom- 
posed oil on the aluminum film were prevented by using an initial 
rush of charging current great enough to throw them off. The 
electrolyte ts partially exhausted in strength and needs changing. 
The discharge rate is still high. 
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DIFFERENCES IN STANDARD PRACTISE 

Status of Inghtning Arrester Practise. Established 
practise in lightning arresters is firmly based on sound 
scientific principles. There is still a number of un- 
known conditions and even the best developed devices 
fall short in certain ideal functions, but engineering 
judgment is found in every step. 

Horn-Gap Arresters and Any Other Type of High 
Series Resistance. The initial discussion will be on 
the extremes of differences from standard practise, such, 
for example, as the use of horn-gap arresters and the 
practise of using no arresters at all. A brief review of 
some of the factors relating to arresters not of the elec- 
tric valve type follows: (1) Horn gap with high series 
resistance, (2) with medium resistance, (3) with no 
series resistance. 

(1) If a horn-gap arrester has a discharge rate of 
the order of 10 amperes it is insufficient to relieve the 
potential of any dangerous induced lightning stroke. 

(2) If the discharge rate is of the order of 100 
amperes the arrester becomes more protective in pro- 
portion but the amount of power taken by the arrester 
from the circuit makes both a heavy draft on the 
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generators and a difficulty in the design of the arrester. 
If it is designed with generous proportions to avoid 
overheating of series resistance the cost will be high. 

Commenting on these factors: The power taken by 
a three-phase discharge of horn gaps with currents 
limited to 100 amperes on a 60-kv. circuit is about 
12,000 kw. The usual time required for the are to 
rise on a horn is about 5 seconds. No such discharge 
rate is used on these arresters in general because the 
resistance would be overheated by the power current 
which follows the lightning discharge. This energy 
would heat 600 liters (150 gallons) of electrolyte through 
100 deg. cent. In so doing the resistance would reduce 
to a fraction of its initial value, due to the negative 
coefficient of resistance with the rise of temperature— 
a natural characteristic of electrolytes. 

Commenting further on that persistent and in- 
efficient device, the arrester of any type of low discharge 
rate, proof is herewith offered, in the following para- 
graph, that such an arrester has no value in discharging 
lightning. 

Current of Traveling Wave: A traveling wave has an 
average current of twoamperes per thousand volts of potential 
of the wave. For the argument following it is necessary 
to accept this numerical figure. 

Proof that the approximate current in a traveling 
waveis two amperes per kilovolt of surge voltage follows. 

The energy in a traveling wave is half electromagnetic 
and half electrostatic (see any standard work on this 
subject, for example such authorities as Bedell and 
Crehore, Steinmetz, Pupin, Berg). 

Expressed in a formula 

1/2C V2? = 1/2 L I? where the capacitance C and the 
inductance L of a single wire are taken for any chosen 
unit of length of the wave. V is the effective voltage 
and J is the effective current over the length of wire 
chosen as a unit. Or V and J may be used as the crest 
voltage and crest current. By simple transposition 
and cancellation the value of surge current J in terms 
of the surge voltage becomes 

I =V-+/C/L = approximately 2 amperes for No. 
0, B & S. wire at an average height of 30 ft. (900 
cm.) above the conducting surface of the earth. 

The inductance L of a single wire with the surface 
charge on the earth is not a definite quantity, but its 
widest possible variation will not affect the final re- 
sults greatly because this factor appears under a square 
root sign. The value of inductance L used was calcu- 
lated on the basis that the electromagnetic field of a 
line wire extended to its image at a depth below the 
surface equal to the height of the wire above. The 
single wire inductance was then used. The actual 
inductance is more likely to be greater than less. © 

To illustrate how much effect the size of wire and 
its height may have on the surge current there were 
chosen two extreme cases. First, a large wire, one 
- million circular mils, at an average height of 25 ft. 
(750 em.) was used, and this increased the surge current 
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of a single wire by only 18 percent. Second, a small 
wire, No. 6 B & S, at a considerable average height, 
for the lowest wire 40 ft. was chosen. This lowered 
the surge current of a single wire to only about 90 per 
cent of that in the No. 0 wire at 30 ft. (900 em.) height. 

Significance of the Current in a traveling wave. If, 
then, a traveling wave on a transmission wire has 
an average current of 2 amperes per thousand volts 
(about 10 per cent more or less according to the di- 
mensions, spacing, and height of wires), a lightning 
charge of 200,000 volts would have a current of 400 
amperes in its traveling wave. This wave travels at 
300,000 kilometers per second (184,000 miles a second), 
and an arrester which can draw off only 10 amperes from 
the 400 amperes, as this traveling wave rushes head- 
long into the insulation of the transformer, is not doing 
much to reduce the voltage of that wave. If by as- 
sumption the traveling wave has only 10 amperes of 
current its voltage is only about 5 kv. and is harmless 
to any transmission circuit. 

The lightning arrester can take only a share of the 
current as the traveling wave reaches the point where 
the arrester is located. In other words, if the arrester 
is at any point on the line except at the ends the light- 
ning current will divide into two parts—one part 
continuing along the line and the other part passing 
through the arrester to ground. The voltage of the 
traveling wave is not reduced even in proportion to the 
reduction of the current involved in the wave. This 
is because half the energy of the traveling wave is 
electrostatic and half electromagnetic. 

In this argument is there anything subtle or vague or 
improbable? It requires only the acceptance of the 
figure of two amperes per kilovolt in the traveling wave 
and the well-known theory of the division of current 
at a bifurcation of the circuit. This same argument 
applies to any lightning arrester of any make which 
has a low rate of discharge. It puts the burden of 
proof for such American and European practise as 
high resistance and a jet of water used as a lightning 
arrester, on the engineers who advocate it. 

Furthermore, all our laboratory experience showsthat 
such a jet of water or any lightning arrester of low dis- 
charge rate has no appreciable value in discharging a 
traveling wave. 

(3) If no series resistance is used the large arcs of 
short circuits which can be blown for 30 or 40 feet to 
other circuits call for large space of installation. Also 
there is the inevitable interruption of service to say 
nothing of other intrinsic dangers of short circuits. 
Still further, if separate grounds for the three phases are 
used for these horn gaps, the space between grounds 
becomes a menace to life. The arrester does not sus- 
tain the line voltage but throws it down to the ground. 
This menace increases with the potential and power 
of the circuit. As another objectionable feature, the 
earth contacts dry out under heavy discharge. The 
earth resistance may amount to any high value. There 
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are other objections to these short circuiting devices 
from a protective standpoint. 

In going over these matters with an interested trans- 
mission engineer, he asked at this point the very per- 
tinent question: How is it that a prominent engineer, 
whose judgment and veracity we both respect and who 
has no personal interest in the manufacture or sale of 
lightning arresters of the horn-gap type, could install 
horn-gap arresters of comparatively low discharge rate 
on his circuits and honestly report successful operation? 

In answer, there might be several ways that this 
condition could come about. As an illustration, if the 
insulators on a transmission line have an arc-over volt- 
age of the order of say 120 kv. and the power voltage 
is 60 kv., lightning could not induce on the line more 
than double the normal line voltage without spilling 
over an insulator and relieving itself locally at the 
point on the line nearest the stroke between cloud and 
ground. The traveling wave is only about 70 per cent 
of the arc-over voltage of the line insulator, due to the 
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Traveling wave to 
the right, one-half of 
the initial energy. 


Initial charge which 
is momentarily station- 
ary. 


Traveling wave to 
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initial energy. 


lightning charge breaking into two parts which travel 
in opposite directions from the place of maximum in- 
duction (Fig. 1). 

The insulation of the transformers is designed to 
withstand a test of double voltage for a minute. The 
only danger of this traveling wave lies either in a steep 
wave front which would damage the insulation between 
end turns, or in some remote possibility of an internal 
resonance in the transformer coils. The chances of 
damage are very slight. Then arises the question when 
such a condition of line insulation exists—why even go 
to the expense of the useless horn-gap arrester? An 
engineer may have inherited these conditions of low 
insulation on the line and may be making the very best 
engineering practise out of a bad situation, keeping 
very properly in mind the dividends to the stockholders. 
We venture to say, however, that this same engineer 
would not recommend low dielectric strength of in- 
sulators or a revival of the once tried practise of placing 
horn gaps at every insulator. The best practise today 
is in the directica of the highest reasonable factor of 
safety in the spark potential of the insulators. 

Another way in which the user of a horn gap arrester 
of low discharge rate could escape without loss of 
insulation of the transformer is by using a horn gap 
without resistance, in parallel with the resistance 
type. In this case the dielectric strength of the in- 
sulators may be very high and the voltage of the travel- 
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ing wave may be at a damagingly high value, and yet 
damage to the insulation of the transformer may not 
be evidenced. However, it is not a solution of the 
problem, because the primary object of a transmission 
system is to sell and deliver power. The power 
service is interrupted by the short circuit of the horn 
gap. 

The Effect on Practise of the Demands of Continuity 
of Service. The foregoing statement of service brings 
us immediately to a difference in arrester practise 
between engineers of different systems in which they 
can all be right. At one extreme there is the demand 
of service so slightly emphasized as to make it per- 
missible to disconnect the power from the line during 
lightning storms. If visual observation and storm 
detectors could be relied on there would be little need 
of lightning arresters under a condition of this kind. 
Any one might take a chance without being criticised. 

At the other extreme is the requirement of service 
illustrated by the Edison companies where one in- 
terruption in ten years is considered a calamity. 
In between are all grades of requirements brought 
about by the supply of power to such industries as 
paper mills, mining pumps, weaving mills, and manu- 
facturers of any material which requires a continuous 
movement of the machines from the beginning to the 
end of the piece being manufactured. 

There is another factor relative to the installation of 
an arrester of low discharge rate which has not been 
sufficiently emphasized, namely that no matter what 
type of arrester is installed the expense of installation 
is always considerable. If the expense of the installa- 
tion is to be undertaken, why not add a little more and 
get an effective discharge rate? 

A large concern whose business is enhanced by pert 
service of its main apparatus in the form of generators, 
transformers, motors, lamps, etc. cannot argue the 
ease for a cheap ineffective lightning arrester and 
build up a business in this line based on incomplete 
and immaturely considered experiences. 

The foregoing argument does not take into account 
the sincerity of research engineers who have collected 
and analyzed voluminous data for many years and 
have concluded that it is an economic waste to the 
art of transmission to invest in arresters of low dis- 
charge rate as now installed. To any one company 
the futile expense may not be damaging but the 
aggregate loss for the country over is very considerable. 
The idea of giving a new arrester a trial indicates an 
admirable progressive spirit. But to do this without 
considering the intrinsic factors or the characteristics of 
the arresters entails unnecessary waste. It is one of 
the objects of this discussion to present reasons for 
present practise and thereby give the dissenter an 
opportunity to present his side in open forum. The 
dissenter also owes it to the art to set us right, if we are 
wrong, and thereby effect a still greater saving in 
investment. 
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The Practise of Using No Lightning Arresters. We 
now pass on to another extreme of practise, namely, 
the system which operates without any lightning 
arrester. There is only one such overhead system of 
importance that I know of. What penalty it is paying 
for this practise is not yet fully determined. What 
financial losses are entailed? What kind of service is 
given? A review of the evolution of this condition 
may be valuable in preventing some other system from 
attempting the same practise without having the same 
conditions. The transformers on this system were 
rewound with extra-high insulation at a very consider- 
able expense. This is the first and most important 
item. Aluminum lightning arresters were used in the 
earlier days, the neutral was non-grounded, and the 
practise of keeping the power on the circuit regardless 
of the conditions did, in one case I know of, hold a 
persistent arcing ground for ten hours. Naturally 
an aluminum lightning arrester was destroyed and the 
remarkable feature was it lasted the ten hours. At 
that time the engineer argued that he was willing to 
sacrifice the arrester to maintain the service, but he 
lost both the arrester and the service. Under this 
practise one arrester after another disappeared and 
there is no desire on the part of a manufacturer to 
sell more arresters. There are certain lines of argument 
that one may follow regarding this installation. (1) 
It may be contended that the lightning is not of 
sufficient voltage to cause any damage; or (2) it may 
be considered a better investment to put the lightning 
arrester money into spare transformers; or (3) it may 
be considered good practise to so highly insulate a 
transformer as to give it a high degree of immunity 
from lightning. 

Considering these three possible arguments in the 
order given above, first, that the lightning may not 
be of sufficient voltage to damage the insulation— 
if the lines are highly insulated—one can only say, Alas! 
Tests made in the laboratory on coils representing end 
turns of a transformer have demonstrated the ease 
with which a spark may be formed between adjacent 
turns puncturing the insulation. To note this tendency 
on transmission lines the simplest method is to place 
a spark gap in parallel with a choke coil of compara- 
tively few turns. During lightning storms frequent 
sparks will take place. Another situation where this 
effect is shown is the frequency of puncture of current 
transformers by traveling waves. Many such ex- 
periences have led to the conclusion that traveling 
waves, especially of steep wave front, will cause punc- 
tures between turns of the end coils of transformers— 
certainly they do in extreme cases of high voltage. 
This would require the best protection obtainable. 
To be sure, a single puncture of this kind does not, in 
general, cause short circuit, but the successive sparks 
may be cumulative in their effects, punctures being 
made at different points until the conditions are right 
for holding the are. Small transformers and very 
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large ones are more likely to fail than intermediate 
sizes due to the distribution between layers or between 
turns. More technical data on this subject are needed 
and are being collected. 

Second, the spare transformer method of caring 
for dangerous lightning strokes needs comment. It 
is not necessarily a poor engineering proposition. On 
the contrary there are conditions which make it accept- 
able. As an example of an installation of a step-down 
transformer, if the requirements of continuity of 
service are rigid, if the transformers are of low kilowatt 
capacity and of high voltage, it is difficult to figure 
economy in an investment in a lightning arrester. 
Arresters have a way of mounting in cost as the re- 
quired voltage of the circuit is higher, regardless of 
the kilowatt capacity of the transformer. We have 
given this matter attention for several years without 
being able to evolve a satisfactory arrester. Such an 
arrester must have the characteristics of low cost, 
high discharge rate, independence of attention, and 
practical indestructibility. 

Admitting then there is now no acceptable standard 
practise for application of lightning arresters for high- 
voltage transformers of low kilowatt capacity, let us 
turn attention to those of higher capacity such as are 
installed in power stations and principal step-down 
stations. Will the service demands permit an inter- 
ruption while a spare transformer is shifted from one 
station to another? Shall a spare transformer be 
ordered for each station? Shall it be single- or three- 
phase? If a lightning storm should damage two 
single-phase transformers out of the four available, 
wouid the loss of revenue, to say nothing of the pres- 
tige, far exceed the interest and depreciation on one 
set of arresters at this point—or even several sets of 
arresters included in a proportionalcharge? Isit worth 
the price to risk a possible cumulative damage to the 
insulation of generators and transformers by occasional 
heavy discharges without arrester protection? Where the 
answer is yes, the case is settled. Every transmission 
engineer must find a balance between the risk of no 
protection and the cost of failure without protection. 
The primary question for self-interrogation in any 
particular installation is: What will it cost in loss of 
revenue, in time, in repairs, and in prestige to have a 
failure of one, two or of all three phases? Lightning 
storms average up if the effects of enough of them are 
taken into account. The chances of a stroke near a 
station are not very great. In lightning-infected 
countries one must in general by pure chance expect, 
some time, a progressive thunder storm which, instead 
of crossing the lines at an angle, runs longitudinally 
with it, with practically every stroke effective in pro- 
ducing a high-voltage surge on the lines or in the station. 
One can go several years with hearty self-congratu- 
lation instead of lightning protection and finally meet 
a longitudinally traveling Waterloo. 

It has been and still can be properly argued that 
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many or even the majority of discharges of lightning 
arresters are unnecessary as the charges are harmless. 
This is true where the gaps of the arresters are set at 
a spark voltage only slightly above line voltage. But 
such an argument does not decrease the intensity of 
the minority of discharges, nor does it prove that ar- 
resters are not necessary for protection for the lesser 
number of heavy strokes or that it is good ee: 
to do without arresters entirely. 

To summarize some of the points: Arresters may 
be dispensed with (a) if there are no lightning storms 
and no surges on the lines; (b) if the insulation of the 
power apparatus has a higher factor of safety than the 
line insulators (leaving a chance of damage by a stroke 
near the station); (c). if there is available a good de- 
tector of lightning as it approaches the lines and the 
circuit breakers are opened before the storm breaks 
anywhere over the aerial line; (d) if the transformers 
are of such low kilowatt capacity that the relative 
cost of the arrester is above the economical dictates 
of risk and replacement of damaged transformer 
Loss of service to the customer and the interruption 
of the main power service by accidental failure of a 
small power transformer must at present be carried 
on the debit side of the book value of this customer’s 
payments. At present the lack of acceptable solution 
of this problem is interfering with the installation of 
small-power transformers on high-voltage circuits. 
This is a condition the manufacturer of transformers 
regrets as much as the power company and is as eager 
to correct; (e) on underground systems with grounded 
neutral, arresters may be used sparingly. 

Third. As to using thicker insulation instead of 
lightning arresters—thicker insulation on the trans- 
former turns of the coils engenders more difficulties 
in extracting the heat from J?R losses and lessens the 
kilowatt capacity of the transformer. Since it seems 
impossible to put on enough insulation to prevent all 
lightning troubles it has become standard practise to 


use a reasonable amount of insulation and employ a - 


lightning arrester. The arrester seems necessary any- 
how for occasional extreme voltages. 

Taking up one of Mr. Hunt’s questions relative to 
the installation of lightning arresters on a circuit con- 
sisting of six feeders leading out from a bus—he has 
received the answers that, at one extreme of practise a 
lightning arrester should be placed on each one of the 
six outgoing feeders; at the other extreme, either one 
lightning arrester on the bus-is recommended or none 
at all if the feeders are cables. If the feeders are im- 
portant, the lightning frequent, the service demands 
rigid, the six arresters are desirable. Even greater 
protection may be necessary. If, on the other hand, 
the demands of protection are not great, then one 
or two arresters on the busbars would be sufficient. 
Two arresters are recommended when it is important 
to have one asa spare. One arrester of high discharge 
rate reduces the risk to a small value. However, if 
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this practise of using one arrester is followed there are 
two important things that must be done at the same 
time: First, the current transformers must be shunted 
by bypass gaps; second, since the arrester is on the 
generator side of the automatic circuit breakers the 
circuit should be protected against accidental short 
circuit by suitable fuses on the arrester. 

Engineering judgment must be used and all the 
factors of protection taken into account in order to 
decide how many lightning arresters to install on these 
six feeders and how to place them. I shall now take 
another hypothetical case, not unknown in practise, in 
which even the installation of six arresters does not 
give good protection. Suppose the line insulators have 
an unusually high factor of safety against lightning 
potential. Thisisgood practise. Moneycouldscarcely 
be better invested in a transmission line. However, 
it influences the practise to be followed in lightning 
arresters. The higher insulation of the line prevents 
the local relief of induced lightning strokes and there- 
fore carries into the station unusually high lightning 
voltages. The choice of high factor of safety in the 
insulators leaves the standard circuit breaker, for 
example, and the current transformer, for another 
example, relatively poorly insulated. It is an easy 
matter for the transmission engineers to select a 
current transformer of higher voltage than usually 
demanded. But it is not a matter that can be so 
easily taken care of in the circuit breaker. The circuit 
breaker is_a combination of a porcelain bushing, steel 
parts, and metal mechanism which has been standard- 
ized and is expensive and presumably already in use in 
this hypothetical instance. The porcelain bushings 
eannot be either changed or increased in dielectric 
strength. To place a single lightning arrester on the 
bus without any protection on the feeders would be 
tantamount to inviting the lightning to jump over the 
bushings of that very important protective device, 
the circuit breaker, and thereby invite a calamity of 
serious nature. Such a condition of high insulation on 
the line and low insulation in the breaker demands 
not only a lightning arrester on each feeder but also a 
considerable inductance in. the form of choke coils 
between the line and circuit breaker. It also demands 
for the best conditions of protection that a lightning 
arrester be placed on the bus of the station in order to 
discharge the quantity of electricity which gets through 
the choke coils of the feeders during the brief period 
that most of the lightning charge is finding its way to 
ground through the lightning arrester. A choke coil 
eannot choke back the traveling wave without ab- 
sorbing some of the charge. Such an absorbed charge 
cannot, without reflection of the wave, return to the 
lightning arresters on the feeders any more than a 
bullet can return to a rifle barrel after it has passed 
the muzzle without rebounding from the target. The 
analogy is complete. Here, then, is described the 
condition where if the engineer were laying out an 
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installation in the first place he could have the choice of 
higher voltage circuit breakers and practically few 
lightning arresters or lower voltage circuit breakers 
and a full complement of protective apparatus. Like 
any other engineering proposition, all the parts must 
be designed to work together. 

The casual critic who holds the weakness of lightning 
arresters reponsible for the interruption of service 
during lightning storms is misled by the name of this 
device, to wit, “lightning arresters’’, and is in utter 
confusion regarding their function. A lightning ar- 
rester is designed to protect end coil insulation from 
puncture and any other exterior insulation at the point 
where the arrester is installed. If it protects the 
service it is only a secondary matter due to its protec- 
tion of the insulation. The most prolific cause of 
interruption of service on overhead lines is arc-overs 
of insulators by lightning at points distant from ar- 
resters. The lightning arrester has no function to 
prevent such an occurrence. The best protector for 
accidental are-overs of insulators is the are suppressor— 
a device not yet sufficiently perfected to be used in 
standard practise. 

Prophecies. Closing this part of the subject,—this 
paper is not intended to give completely even the 
principles of protection, to say nothing of the theory 
and practise. It strikes a few high spots raised by 
the investigating. committee. There must be the 
admission of lack of perfection in the art of protection. 
This admission is somewhat offset by renewed activi- 
ties in researches and developments since the close of 
the war. It may be pertinent (although risky to 
the prophet) to say we can see the possible routes by 
which a high degree of perfection is to be attained. 
This statement is virtually saying that more than 
half the final spurt is run. Preventing interruption of 
service by arc-over of insulators will do away with 
the cause of the majority of interruptions on overhead 
circuits. 

To clean up the final residue of failures and troubles 
will require the most hearty cooperation between the 
operating engineers and the laboratory specialists who 
spend their time studying the voltage phenomena 
and the characteristics of insulations—and will call 
for a power of analysis not yet in sight. For long- 
distance transmission the goal sought is the degree of 
continuity of service given by the Edison companies 
in the larger cities. It is possible and must be reached. 

THE ALUMINUM ARRESTER AND CRITICISMS OF 

FILM THEORIES 

One of the broad fundamentals dwelt upon in the 
foregoing pages is the need in an arrester of a high 
discharge rate, a rate comparable with the currents 
in lightning surges. It is not necessary to master 
the fine details of theories of films to determine if an 
arrester has this quality. Place a single cell of two 
cones for a unit period of one to four cycles on a 600- 


volt a-c. circuit of sufficient power to maintain the. 
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voltage. Does the current rise to several hundred 
amperes? Therein is the answer without any theory. 
An oscillograph gives full data on what takes place. 
It will give the answer, ‘‘No’’, to the question, ‘‘Does 
the arrester short-circuit the voltage?’”’ The ballistic 
throw of a large ammeter, not too much damped to 
respond to a sixtieth of a second, will give an indi- 
cation of large current flow. 

Inspection and Repair of Aluminum Arresters. The 
question of overhauling the aluminum arresters is by 
far the most serious criticism that has been made of 
arresters. The whole subject of inspection and repair 
is under reconsideration. The following investigations 
show that the power factor of the aluminum cells, 
either as individual cells or as a whole stack, may be 
a desirable method of inspecting the condition of an 
arrester before deciding to disassemble the parts. The 
use of power factor is new and, furthermore, it is well- 
known that the effects given by aluminum cells, such 
as variations in current, wattage loss, and power factor, 
are factors of wide variation, depending upon the quality 
of the aluminum, the nature and temperature of the 
electrolyte, the wave form, and the like. Some cells 
have shown deterioration by the presence of an ab- 
normally high charging current. (Unfortunately de- 
terioration is not always accompanied by higher 
charging current.) Cells have also shown deteriora- 
tion by the value of the watts loss. So far as the re- 
cent investigations have gone the power factor method 
seems to be the most generally reliable indication of the 
condition of the cells. Deductions drawn from the 
measurements of power factor are comparatively new 
and, while the figures given are actual test data, it will 
require a wide experience to determine on dependable 
instructions for making the inspection. With these 
words of caution against the interpretation of these 
favorable data as final, some excellent results of these 
investigations will be briefly reviewed. 

The Adirondack Power Company had two 33-kyv. 
arresters handy and of promising interest. Reliable 
information was received that they had not been over- 
hauled since installation, thirteen yearsago. The first 
point of interest was the conclusion that either the arrest- 
ers must be in deplorable condition or else there was some 
good way of avoiding frequent overhauling. We were 
in search of deteriorated aluminum cones and would 
have been pleased to have found this condition. The 
operating engineer may be more pleased by the fact 
that the aluminum surfaces were not corroded or eaten 
at the contact line of oil and electrolyte. Of course, 
thirteen years of daily charging had partially exhausted 
the electrolyte. Although new electrolyte was needed 
the discharge rate of each cell on 600 volts was 
several hundred amperes, showing that the arrester 
still gave good protection. It was still in good opera- 
ting condition. The oil was somewhat modified by the 
oxygen and hydrogen freed by electrolytic action, but 
was not in a condition risky for operation. 
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The second point of prime importance was the fact 
that the charging currents of the several phases of the 
arrester as read by ammeter were near normal. On the 
west arrester the currents were slightly below normal. 
On the east arrester they were only 9 per cent to 27 
per cent above the recommended normal value. Wave 
shape, quality of aluminum, and quantity of electrolyte 
will make this much difference. Since other tests 
were made which showed the arrester needed overhaul- 
ing, the results indicate the unreliability of depending 
on current readings alone to determine the best time 
to overhaul. The spark at the beginning and end of 
charging was snappy and normal. Here, then, was 
an arrester giving safe and satisfactory operation, but 
which had reached a point of exhaustion of electro- 
lyte, marking the period most desirable to overhaul. 

A new method of simple electrical test was adopted, 
which shows this deteriorated condition of the cells 
so strongly that it is more than 300'per cent greater 
than with new cells. The method consists in measur- 
ing the wattage and voltage in addition to the charging 
current and calculating the power factor. For example, 
one stack of cones on the east arrester was removed 
for other studies. A stack of new cones replaced it. 
The power factor of this new stack was 14 per cent. 
The three remaining stacks had power factors of 42 
per cent, 46 per cent and 47 per cent. (three times 
normal). 

The west arrester with charging currents less than 
normal had power factors higher and lower than the 
east arrester, 50 per cent, 44 per cent, 43 per cent and 
27 per cent respectively for the four legs. Since no 
inspection of these cells has been made, other than 
indicated by these measurements, the physical condi- 
tion of the cells of the west arrester is not yet known. 

Twenty-one cells of the stack taken from a tank of 
the east arrester were given individually a detailed 
study. Such measurements were made as: (1) Ini- 
tial current rush at 250 volts impressed, (2) normal 
charging current, (3) watts loss, (4) discharge rate at 
600 volts impressed, (5) rate of dissolution, (6) power 
factor, (7) thickness of film, (8) restoration of normal 
film, (9) resistance of electrolyte, (10) quantity of 
electrolyte per cell, (11) concentration of electrolyte, 
(12) insolubility, if any, of precipitate, (13) exhaustion 
of electrolyte, (14) physical appearance of films and 
degree of corrosion of the aluminum surfaces, (15) 
sludge at surface of electrolyte, (16) sludge deposited 
on the free surface of the cones, (17) also sludge in the 
body of the oil, and (18) electrolyte in bottom of tank 
and (19) electrolyte in the oil. 

Too much attention to the many details at the present 
moment will tend to obscure a few important results. 
In general the individual cells varied in their conditions. 
Most of them had low charging current. Three of 
them had currents three times normal. Three showed 
considerable dissolution of film and required special 
attention to reform them. 

All of them showed relatively high power factor. 
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The highest was 88 per cent. The lowest was 36 per 
cent. Several ran in the sixty-percentages. Most of 
them were in the forty-percentages, around the average 
value for the stack. 

Attention was given to the typical groups of cells to 
determine if they could be brought back to the normal 
condition of new cells without disassembling. It was 
done simply and quickly. Electrical treatment (mo- 
mentary high current rush) was given to the films and 
the old electrolyte was replaced by new. The power 
factors returned to the value for new cells. After 
thirteen years of continuous operation these particular 
cells were made as good as new without treatment 
with alkali or acid and without factory formation of 
film. 

As depreciation goes on all apparatus, this record 
is satisfactory. So far as any one can see the aluminum 
is good for several decades more. It is desirable to 
renew the electrolyte more often than once in thirteen 
years, but apparently no harm has come from this 
long period of use. Why can not this record be ex- 
tended to all installations of arresters? We can see 
no reason to the contrary at present. The materials 
in the arrester (aluminum, electrolyte and oil) seem to 
be the same as the average of all other arresters. 
The only apparent difference from standard practiseisin 
the method of charging the cellseach day. When this 
matter has received thorough investigation and re- 
peated confirmation has cleared away all doubts, it will 
be time to make definite and final recommendations. 

Before this longevity can be brought about there 
are many arresters in service to be overhauled. There 
are conditions where films are to be removed as the 
easiest way of removing impurities on the surface and 
in the cavities of the aluminum produced by the action 
of the modified oil. To send aluminum cones back to 
the factory with the expenses of express, factory labor 
and chemicals, and loss of time, is a serious factor and 
an endeavor is being made to develop methods which 
will avoid much of it in the future. The developments 
and early installations were made with aluminum 
formed without elaborate dipping tanks, water cooling 
and automatic regulation. In the routine standardi- 
zation of factory processes the early art of formation 
was forgotten. These methods will be revived and 
improved so that a properly trained man may be able 
to reform films without loss of time at the place of 
installation. 

To determine what approximate conditions were 
involved, single cells were experimented upon. The 
films were removed and the surfaces of the aluminum 
thoroughly cleaned, involving about a minute of time. 
After the cones were washed, the major part of the new 
film was put on, by the most rapid method known, in 
about a minute. Thetemperature ofthe electrolyte rose 
about 30 deg. cent. The finish was then applied by 
the normal charging method. Several minutes of 
application were used. 

With suitable chemicals, machines and equipment 
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this work may be done in the field of operation. The 
standard electrolyte contains a germicide and two or- 
ganic chemicals which make it less suitable and more 
expensive for forming films than “forming” electrolyte 
which does not contain them. The electrolyte used 
in forming is more or less exhausted in the process:which 
involves considerable electrochemical energy. This 
exhausted electrolyte, therefore, must be replaced by 
fresh electrolyte after the new films are formed. 

This is not the time or place to give the detailed in- 
struction for the proposed methods of inspecting and 
overhauling. If it is found desirable after further ex- 
perimentation, it is planned to give instruction else- 
where—in the G. E. Review and in pamphlet form. 

The new power factor method of inspection of the 
condition of an aluminum arrester may be put into the 
hands of any one familiar with the handling of indicating 
instruments around a high-tension three-phase system. 
The methods of renovating the films at the place of 
installation is simple enough to anyone accustomed to 
manufacturing and laboratory work. There are a few 
things to be scrupulously avoided. There are corrosive 
chemicals to be used. Furthermore, an equipment 
is necessary to do the work economically. There should 
be two trained men, such things as standard electro- 
lyte, forming electrolyte, acid, motor-generator, stand- 
ard cells for comparison, exchange racks, ‘‘forming”’ 
racks, suitable meters (ammeter, voltmeter, wattmeter), 
potential transformer of variable voltage, jin poles, 
block and tackle, rapid filter, graduates, suitable glass 
and rubber tubing, motor-operated contactor and 
so on, : 

There will not be enough work on any one trans- 
mission system to keep an outfit busy and to retain 
experts properly trained to carry on the work rapidly 
with accuracy and judgment. The long intervals 
between overhaulings allow memory to play tricks in 
the performance of the method. Changing personnel 
and positions are other factors which deprive the opera- 
tor of trained men. If it could be brought about, the 
most economical results would be obtained by having 
experts with their outfit go from one system to another 
devoting their time to this particular work. Will a 
number of transmission companies share the initial 
expense of apparatus? With the conditions compatible 
with success the greatest pains will be taken by the 
manufacturer to give experts instruction and experience, 
to help them train their judgment, and to inform them 
on the proper instruments, apparatus, and methods to 
employ. 

To summarize the possibilities relative to over- 
hauling aluminum arresters, the promises are: More 
accurate and definite methods of inspection of the 
arrester will soon be made available. Unnecessary 
overhauling may be decreased. Longer periods be- 
_ tween overhaulings may possibly be brought about 
by slight changes in methods of charging. Longer life 
of the arrester may also be attained. The actual cost 
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of overhauling will be decreased. The cost per annum 
will be greatly decreased. Deteriorated plates may 
be reformed at the place of installation. 


Discussion* 


Joseph Slepian: Mr. Creighton has explained very clearly 
the necessity for a high discharge rate in lightning arresters, if 
any real protection to electrical apparatus is to be obtained. 
If this high discharge rate path is also open to normal dynamic 
voltage, then, as Mr. Creighton points out, the large drafts of 
dynamic power which must be handled by the arrester makes it 
too large and costly to be practical. A clear case is thus made 
out for the valve type of arrester. 

The electrolytic arrester is the most widely used valve type 
and has proven its great value in service. It depends for its 
action on rather obscure chemical phenomena taking place in 
thin films on electrodes in water solutions. It has disadvantages 
inherent with a water electrolyte, requires frequent attention, 
and sometimes trouble is experienced due to its sensitiveness to 
chemical impurities. 

The recently introduced oxide film arrester also depends for 
its action on the chemical and electrical properties of a thin film. 
This film is dry, which is an advantage but like any other solid 
insulation, it may be somewhat slow in its breakdown under 
excess potentials. 


AMPERES 


Fig. 1—Arc anp Giow DiscHarGeE 


For some time past, the company with which I am associated 
has been working on the problem of attaining the ideal valve 
type arrester, from the other end. That is, instead of starting 
with the chemical arrester, and trying to remove its disadvan- 
tages, we start with the simple spark-gap type of arrester and 
try to impart to it the valve characteristic. These efforts have 
been successful, and, as the results are now approaching commer- 
cial form, I believe it is of sufficient interest to briefly describe 
the principles utilized. 

To have a valve characteristic, a gap must pass current when 
and only when the applied voltage exceeds a definite critical 
value. To be of practical use for lightning arrester purposes, 
this critical voltage should be of the order of at least several 
hundred volts. Nowitis known that only low-current discharges 
n air require such high voltages to be maintained, hence an 
investigation of the volt-ampere relations in low-current dis- 
charges is suggested. 

Fig. 1 shows the results obtained in such an investigation. 
For large currents, the ordinary are characteristic BB’ is ob- 
tained, with voltages from 20 to nearly 100. The are issues from 
a brilliant incandescent cathode spot. As the current is reduced, 
a point is reached, B in the figure, where the rate of evolution of 
heat is insufficient to maintain the cathode hot spot, and the 
voltage and current suddenly jump to values lying on another 
curve AA’. This is the volt-ampere curve of glow discharge. 
By water cooling the electrodes, it is possible to carry the curve 
~ *Includes discussion on ‘‘Questionnaire on Lightning Arrester Practice,” 


by F. L. Hunt. (From the 1921 Annual Report of the Protective Devices 
Committe See A. I. E. E. Transactions, Vol. XL. 1921, p. 837. 
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AA’ beyond the point A, say to A’, before the developing of a 
cathode hot spot, and the sudden dropping into the are character- 
istie at B’. 

In the are there is an incandescent cathode spot with resultant 
vaporization of the electrode. If this hot cathode spot is pre- 
vented from forming, the discharge takes the glow form, and, 
with most electrodes, requires not less than 350 volts to be main- 
tained. It is evident that a spark between cold electrodes must 
always start as a glow, and only after a spot on the cathode be- 
comes sufficiently heated, does an are form. 

The curves in Fig. 1 show that it is not practical to try to get 
much more than 350 volts consumed in the discharge, and they 
also show that, if the cathode is kept cool, considerable current 
density may be passed still maintaining this voltage. The use 
of electrodes of high specific resistance offers a means for keeping 
the cathode surface cool for the lengths of time involved in 
surges on power systems. For if the resistance in series with 
any point is high, it is clear that the current flowing from any 
spot on the surface is limited, and so, too, is the heat involved. 
The energy in the discharge is not turned loose mostly at a small 
spot on the cathode, but is distributed all over the face of the 
electrode. Thus, no spot heats excessively, and the discharge 
remains in the glow form. 

Having ensured that the discharge will require 350 volts for 
its maintenance, we must, if the desired valve characteristic 
is to be obtained, provide that the discharge shall also start at 
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about 350 volts. At first sight, this seems a requirement im- 
possible of practical attainment, because of the exceedingly 
minute gap necessary. But here again the high specific resist- 
ance in the electrode material comes to our aid. 

Fig. 2 shows the relation between the spark-over potentials and 
gap lengths for plane electrodes, and very short gap lengths. 
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It shows that the sparking potential reaches a minimum ofa little 
over 350 volts for a gap length a little less than 0.001 centimeter, 
and that for smaller gap lengths, the sparking potential increases 
again. This may appear surprising to most of us, but it is well 
established by experiment. 

Now suppose two disks of high-realahanee material are laid 
one upon the other. (Fig. 3). With ordinary workmanship, the 
disks will make actual contaet at only three or four points. 
Elsewhere, they will be separated by small air gaps, which may 
ruu up to three or four mils at their widest. Somewhere between 
the two extremes of the actual contacts, and the separation of 
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several mils, will oceur the separation of about 0.001 centimeter 
having the breakdown potential of about 350 volts. 

When voltages less than 350 volts are applied to the disks, the 
current will pass only at the points of actual contact, and because 
of their constricted nature these current paths will be of exceed- 
ingly high resistance. Thus, very little total current will pass. 
(Fig. 34). When, however, more than 350 volts is applied, the air 
gaps breakdown. and current is passed over the whole face of the 
disks. (Fig 38). Thus,avery low over-all resistance is presented. 
The resistance in the electrode material forces the current to 
distribute itself uniformly. Hence there is no local heating, and 
the discharge remains in the glow form. When the voltage falls 
to less than 350, the discharge stops, and the current again falls 
to the very small value passed by the actual contacts. 

To recapitulate, by the use of high-resistance electrodes, it 
becomes practical to use gaps so small that little more than 350 
volts is required to break them down. Also the discharge which 
follows the breakdown is prevented by the resistance from con- 
centrating at any point but must distribute itself over the whole 
face of the electrodes so that no local hot spot can form, with a 
resultant are. Henee the discharge remains in the glow form, 
requiring over 350 volts to be maintained. 

We have here then, an arrester of the valve type which has 
nothing whatsoever chemical in its principle of operation. It is 
as simple in its construction as the usual spark-gap arrester, and, 
in characteristies, parallels the electrolytic arrester. I believe 
that optimism as to the future of this device is quite justifiable, 

Mr. Creighton suggests that the power factor of aluminum 
electrolytic arresters may be a reliable criterion of the extent of 
their deterioration. For several years I have been engaged in an 
extensive study of the power factor of aluminum éells, partly for 
whatever useful information might result for lightning arrester 
practise, and partly for the purpose of developing an eleetrolytie 
condenser for general power purposes. My. experience makes 
me very doubtful if reliable conclusions can be drawn from the 
power factor as to the suitability, of a cell for lightning arrester 
purposes. 

The electrical and chemical phenomena going on in the film on 
aluminum electrodes in an electrolyte are exceedingly complex, 
and apparently it is possible with different electrolytes to find 
any combination of the following properties in individual cells: 
1. High power factor or low power factor. 2. Rapid disso- 
lution or slow dissolution of film on open eireuit. 3. Rapid 
corrosion or slow corrosion. 4. High charging current or low 
charging current. 5. Rapid formation of precipitates or slow 
formation of precipitates. 

It is only the last four properties I mentioned whieh are signi- 
ficant for lightning arrester purposes, but the first is the one on 
which Mr. Creighton puts a lot of stress. 

Actually it is possible to get any combination of all these 
properties in different electrolytes. 

The only uniformity which I have noticed is that all cells 
which start with low power factor increase their power factor 
with time. This increase in power factor may or not may be 
accompanied by any considerable deterioration in respect to 
the properties (2), (8), (4) or (5). The only conclusion which 
ean be drawn from high power factor is that of age, and little 
can be said about the properties which are more important for 
lightning arrester purposes. 

As an example, in one electrolyte which I tried, the initial 
power-factor was 214 per cent. The cell was connected perma- 
nently to the line and let run 24 hours a day. Here was a service 
thousands of times more severe than that which lightning 
arresters undergo. Nevertheless, the rise in power factor was 
very slow. The rise was inappreciable for the first two months, 
and after a year was only about 10 per cent. Judging by the 
power factor, here was an ideal lightning arrester electrolyte, but 
in respect to film dissolution, on open cireuit it was ee inferior 
to the electrolytes now on the market. 

Again, another electrolyte ran at about 6 per cent power table; 
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but the corrosion was so bad that the run was terminated in a few 
weeks. Still another electrolyte, although it gave low power 
factor, kept shedding precipitates of aluminum hydroxide until 
the cell was almost packed solid with them. 

With respect to reestablishing the low power factor by electro- 
lyterenewal, and electrode treatment, I also found matters very 
complex. A series of experiments indicated very clearly that the 
rise in power factor was due in large part to a change taking 
place in the film on the aluminum itself. By re-treating the 
aluminum in fresh electrolyte it was possible to return to the low 
power factor, but unless every trace of the old film had been 
removed, the power factor in the re-treated cell would rise again 
much more rapidly than it had done in the old cell. For example, 
if the power factor in the old cell had risen 10 per cent in a year, 
after re-treating the power factor would rise 10 per cent in a month 
or two. 

I maintain therefore that great caution should be used in 
drawing conclusions from power factor measurements as to the 
suitability of aluminum cells for lightning arresters. Many tests 
over periods of many years will be necessary before confidence 
ean be established in a power-factor eriterion. 


D. W. Roper: The great difficulty in making a few installa- 
tions of a new type of arrester is in drawing correct conclusions 
from the results. Having attempted some investigations of 
lightning arresters myself and concluded that after a few years 
it was impossible to draw any accurate conclusions from an 
installation of 700 arresters, it does not appeal to me when the 
experience with one or two installations is used as a basis of some 
general conclusions on high-voltage arresters. However, if we 
can induce a number of engineers to cooperate in the same 
investigation on lightning arresters and to use the lightning 
arrester committee as a clearing house for all their information, 
and not selected portions of it, then we should be able, in a 
comparatively brief time to get some accurate conclusions. 

Quite a large number of types of arresters are mentioned in one 
of the papers. Not all of them are mentioned. One letter tells 
about the horn-gap water-barrel combination successfully per- 
forming its functions. I wonder if it ever successfully performed 
the function of a lightning arrester. 


The Standards Rules of the A.J. E. E. contain a definition of 
an arrester, and that is as far as the rules go, but the definition 
includes the requirement that it must limit the voltage across 
the apparatus at the time of lightning discharge. Some types 
of arresters accomplish that result very efficiently. The arresters 
which have a very large amount of resistance in series apparently 
do not, and in this connection, I think that some attention should 
be drawn to a description of the lightning generator, as it was 
ealled, in the article in the General Electric Review for Novem- 
ber and December. This appeared to the speaker one of the 
most interesting devices brought forward in recent years for the 
testing of lightning arresters, and the results as given in these two 
papers are the results which can be used in comparing directly 
different types of lightning arresters. That is, the tests give a 
measurement of the maximum potential across the terminals 
of the arrester at the moment of discharge, which is exactly what 
is wanted, and the results obtained from that lightning machine 
appear to cheek very closely with the results of experience with 
the different types of arresters in service. 

Referring again to the letter regarding the performing of the 
functions of the lightning arresters, there are quite a few types 
of apparatus which are called lightning arresters, and which are 
on the market, and some of which find aready sale. Some of them 
will make a funny noise when there is a lightning discharge, and 
some will make quite an interesting sputtering are, and you 
could make them so that they would ring a bell or operate an 
automatic counter, but they do not comply with the function of 
a lightning arrester, that is, they do not limit the voltage across 
the arrester at the time of discharge. I suggest that the Institute 
might properly take some steps to protect the smaller companies 
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who have occasion to use lightning arresters from the assaults 
of the glib salesman who sells these interesting, sputtering things 
called arresters, and which actually serve no useful purpose ex- 
cept to the salesman. The Institute might properly devise a 
performance specification for lightning arresters, and perhaps 
have a classification of types which would indicate the relative 
value of the various types of arresters, and then such a rule, with 
the backing of the American Institute of Electrical Engineers, 
would serve, you might say, as a blue sky law to prevent the sale 
of these lightning announcers to people who want lightning 
arresters. 


J. L. R. Hayden: The deterioration of the aluminum ar- 
rester apparently is due to the current passing throughit. This 
pits the cones and changes oil and electrolyte. It causes in- 
crease of current passing through. This still further increases 
the deterioration. 

The total current in the aluminum arrester consists of a ca- 
pacity current and an emergency current. The former does not 
pass through but merely into the arrester, and is harmless. It is 
the energy current which does the harm. The energy current 
normally is very small, compared with the capacity current, so 
that the total current is mainly made up of the capacity current. 
Therefore the energy current may considerably increase, without 
showing an appreciable increase of the total current. The total 
current may even decrease due to some loss of electrolyte which 
reduced the active plate surface. It requires a very great in- 
crease of energy current to show as an inerease of the total cur- 
rent. It would therefore be reasonable to expect that the deteri- 
oration could be detected earlier, if the energy current could be 
measured alone. This is done by wattmeter measurement. 
Possibly direct-current measurements might do the same, as 
with direct current there is no capacity current. 

The limitations of such method seems to me, that individual 
cells cannot well be measured, but only the whole stack of cells. 
The deterioration may be uneven. Only a few cells may have 
deteriorated, most are still good. Then the power factor of the 
whole stack would still be low and normal, but the arrester would 
be unsafe, as the few deteriorated cells heat and are and thereby 
destroy the other eells. 

As this method gives the average result of the whole stack, it 
ean be useful only if the deterioration is fairly uniform through 
the whole stack. How far this is the case requires further 
investigation. 

In the OF arrester, such measurement of deterioration by the 
energy current is more feasible, as in the OF arrester the capacity 
current is small, and most of the current is energy current. It 
therefore is our practise inlife testing of OF arresters, toregularly 
measure the current and judge the deterioration from it. Indi- 
vidual cells can be measured. If in the cell the current is ab- 
normally high, then the voltage on the cell is low, if it is in series 
with other cells. If the energy current is abnormally low—which 
also is objectionable in the OF arrrester,—then the voltage is high. 
Individual cells of the OF arrester therefore are tested by observ- 
ing whether the voltage across the cell is within the proper 
limits. This is done in the standard method of service testing of 
OF arresters by the use of a neon tube connected across individual 
cells. 


W.A. Lougee: An arrester to protect must havea sufficiently 
high current discharge rate, that is, its internal resistance must 
be low. Lightning arresters are one of the very few types of 
electrical apparatus which can not be tested and be thoroughly 
understood by the purchaser, and it is on account of this un- 
fortunate situation that many incorrect ideas are obtained, and 
that many inefficient lightning arresters are in use. 

I would like to take up a few points mentioned in the letters 
quoted in Mr. Hunt’s paper. The oxide film arrester is spoken 
of as dependent on obscure phenomena and involving the action 
of films of very minute dimensions; also as a hair trigger device 
and based on fine haired theories and obscure chemical reactions. 
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The best answer to all this is to state briefly the arrester’s action 
and behavior when connected to the lightning generator that 
Mr. Roper mentioned. 

With this apparatus, we have been able to obtain a greater 
discharge through an arrester than the arrester will be subjected 
to in actual service, outside of a direct stroke. A piece of a tree 
branch placed in the circuit of this lightning generator will be 
splintered and torn to pieces. Now if an oxide film arrester is 
substituted for this tree branch, and, in addition the normal 
voltage of the arrester be also applied directly to the terminals 
from a circuit of large power capacity, the high power impulse 
discharge is successfully taken care of. That is, not only does 
the impulse go through the arrester without damage to either 
the dynamie circuit or the arrester, but the recovery or reseal 
action of the arrester prevents any dynamic power following 
through the arrester. It is evident to withstand such punish- 
ment, the arrester must be staunch and not a hair trigger device. 

Another writer mentions the fact that only one of sixteen oxide 
film arresters discharged. Obviously, this is absurd unless one 
sits by the arrester and watches it continuously as the arrester 
itself gives no external indication of discharges. 

Lightning arresters are not hot-house plants. They are given 
a more severe testing in the factory than the majority of electri- 
eal apparatus and they will stand a lot of abuse. 

Reference was made to the possible high time-lag of the oxide 
film arrester due to the fact that it consists of solid insulation. 
The film is solid, but at the same time it is somewhat porous. 
An oxide film arrester on the circuit without a series gap will pass 
several milli-amperes of current, and it is on this account that it 
has not a high time-lag. 

L.R.Lee: The writer is interested in lightning arresters from 
the standpoint of the construction and operating engineer, and in 
going over this matter of arrester with users, he has found that 
there is, as mentioned in this paper, some lack of confidence in 
the use of the lightning arrester. Papers like this should help 
in restoring some of this lost confidence as they give the user a 
better insight into the functions of the arrester, the way it per- 
forms and some simple tests by which he can convince himself 
of the value of the arrester as a device to limit the damage that 
may be caused by high voltage. I think that the account given 
about the arrester which went some thirteen years without being 
opened is interesting but I doubt the advisability of giving 
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publicity to such examples. I would much rather hear about 
arresters that have been systematically repaired twice a year by 
opening the arrester and giving thorough inspection, and how 
this was accomplished at small cost and little inconvenience. 
I believe some of the lack of confidence has been due to lack of 
proper maintenance. 

I do not believe the construction and the operating engineer 
are in a position to offer any valuable suggestions as to the way 
arresters should be built, it is their function to see that they are 
properly installed and maintained. It is up to the manufacturer 
to collect all possible data from the operating and construction 
engineers as to troubles or difficulties which they may have 
encountered in the use of arresters and make all possible use of such 
data in making progress in the design of this equipment. I 
doubt whether there could be too much emphasis placed by the 
manufacturer upon the proper care of the arrester and the proper 
way of installing it. 

It is not only important that the manufacturer point out on 
the wiring diagram the location for the arrester but he should 
also advise with the construction engineer as to the physical 
arrangement of the connections for the arrester, and in planning 
for the installation of the arrester thought should be given to any 
trouble which may occur from the use of the arrester and also to 
the accessibility and convenient arrangement that may facilitate 
inspection and repair. 

T realize that the manufacturer has been loath to lay down too 
rigid rules for the maintenance of this equipment, and I realize 
his good intentions of working out ways of testing the equip- 
ment so that it may not be necessary to disassemble it, but it 
seems to me quite natural to expect confusion on the part of the 
operating engineer when he is told about tests which may indi- 
cate to him the condition of his arrester and at the same time 
told that these tests may not work and that the arrester should 
be overhauled in any ease. I believe it would be better to spend 
any effort along this line towards making it easier and cheaper 
to open the arrester and give it thorough inspection and such 
repair as may be necessary. 

The writer has been much pleased to note the progress being 
made in the oxide film type of arrester as it seems that this 
arrester working on a similar theory to that of the electrolytie, 
is a device much simpler and easier repaired and altogether 
seems to have many advantages. 
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Review of the Subject.—Any change in the electrical 
conditions of a circuit, whether internal, such as a change of load, 
starting and switching operations, short circuits, or external, 
such as due to lightning, involves a readjustment of the stored electro- 
magnetic and electrostatic energy of the circuit, that isa so-called 
transient. Such transient is of the general character of a condenser 
discharge through an inductive circuit. The phenomenon of the 
condenser discharge through an inductive circuit therefore is of 
the greatest importance to the engineer, as the foremost cause of 
high-voltage and high-frequency troubles in electric circuits. 

With the development of radio communication—whether wireless 
or wired—the condenser discharge through an inductive circuit 
has assumed a great additional importance since, with the exception 
of a few of the highest power transoceanic stations, which use 
power-driven high-frequency alternators, the source of power in 
all radio communication is the condenser discharge through the 
inductive circuit, whether as a damped wave or as an undamped 
wave. In undamped wave radio communication, the condenser 
discharge circuit is coupled with a source of electric power—a 
battery—in sucha manner, that, without interfering with the char- 
acter of the oscillation, sufficient energy is fed into the circuit 
to maintain the oscillation, similarly as in the clock, the pendulum 
is coupled with a source of mechanical power—weight or spring— 
so as to maintain its oscillation undamped. 
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The condenser discharge through an inductive circuit is thus one 
of the most important phenomena with which the electrical engineer 
has to deal. 

The classical equations of the condenser discharge through an 
inductive circuit were given a very long time ago, and are contained 
in all text books. 

According to them, if the ohmic resistance r of the circuit is 
greater thana certain critical valuery = 2 a the discharge is 
unidirectional and non-oscillatory, that is, the voltage and current 
gradually die out without ever reversing in direction, and vanish, 
theoretically, after an infinite time, as illustrated in Fig. a for the 
caser = 1.570. 

If the ohmic resistance r is less than the critical value ro, the dis- 
charge is oscillatory, that is, voltage and current perform a series 
of oscillations of gradually decreasing amplitude, but constant 
frequency, each half wave being less than the preceding one by a 
constant percentage, until finally, after a theoretically infinite 
number of half waves, the current and voltage become zero, as illus- 
trated in Figs. b and c. Fig. b shows a rapid damping, due to 
the resistance of the circuit being not much less than the critical 
resistance, r = 0.510; and Fig. c shows the slow damping that is, 
the more sustained oscillation, appearing in a low-resistance 
circuit, r =O.17ro. The half waves of current and of voltage are 
not sine waves, but are the product of a sine wave and an exponen- 
tial, due to damping effect of the resistance, therefore the first part 
of each half wave is greater than the last part, and the maximum 
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is not in the middle, but before the middle, as is best seen in Fig. b 

These classical equations of the condenser discharge however 
apply only when the resistance of the circuit is constant, or prac- 
tically so, that is, when all the energy dissipation occurs in a metallic 
or electrolytic resistance; that is, a resistance consuming a voltage 
proportional to the current, and in which therefore the voltage drop 
in the resistance becomes zero for zero current. These classical 
equations however do not apply even approximately, when the re- 
sistance of the circuit is not constant but varies with the current, 
as is the case in a gas circuit, such as a spark gap, vacuum tube, 
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etc., as has been pointed out before. It is rarely that the condenser 
discharge through an inductive circuit does not include, at least, 
as a part of its energy-dissipating resistance, a gas circuit. 

The usual method of producing a condenser discharge through 
an inductive circuit is gradually to charge a condenser from a 
source of electric power, until the condenser voltage has risen 
sufficiently high to jump a spark gap (the rotary gap, or quenched 
gap of the damped wave wireless for instance) and thereby dis- 
charge through the inductive circuit. In lightning disturbances 
of electric systems, and in high-voltage high-frequency disturbances, 
due to internal causes, an are or spark discharge almost always 
is in circuit. The discharge of the lightning arrester which 
protects electric circuits, generally, occurs over a spark gap. In the 
production of undamped waves for radio communication, a vacuum 
tube ts in circuit. The path of the lightning discharge in the clouds, 
or between clouds and ground, is entirely within the air, and the 
voltages and currents induced in transmission lines by the lightning 
flash naturally follow the voltage and current wave shape of the 
lightning flash, which is not that of the classical equations. A 
condenser discharge containing no gas path, like that of the bound 
charge of an overhead ground wire, set free by a cloud discharge, 
ts rare 
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Obviously the larger the part of the total energy dissipation of 
the condenser discharge which occurs in a gas path, the more the 
discharge equations differ from the classical equations, so that, 
while the latter may give a fair approximation when the gas path 
constitutes only a small part of the energy dissipation, when it 
represents all or a large part of it, the classical equations become 
unsatisfactory. In view of the high industrial importance of the 
condenser discharge through an inductive circuit, and the relatively 
small amount of work done on the general equations of a condenser 
discharge through a non-ohmic resistance, a further study of it 


appears appropriate. 
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When dealing with a non-ohmic resistance, that is, a resistance 
varying with the current, it usually is preferable to drop the term 
‘resistance’, and deal with the relation between the current 1 and 
the voltage E. Thus, the general differential equations of the prob- 
lem are derived from the classical equations by adding a term E, 
which is the potential drop across the gas path, or, in general 
the non-ohmic resistance. This voltage E is a function of the cur- 
rent i, and often also of the time t—where there is a lag of the effective 
resistance, that is an asymmetry between rising and decreasing 
current. Asialso is a function of the time, E is a function of the 
time, and can be expressed by a Fourier series (multiplied by an 
exponential). This gives a general differential. equation, which 
is integrated by the product of exponential function and Fourier 
series, and the constants of the integral equation—the integration 
constants and the indeterminate coefficients of the Fourier serties— 
then follow from the terminal conditions, that is, the values of current 
and condenser voltage at time zero, and the relation between E and 1 
in the gas path, that is, the volt ampere characteristic of the his 
path, as shown in the mathematical part of the paper. 

The general characteristics of the current flow through a gas 
circuit—arc, spark, vacuum tube, etc.,—is that the effective resist- 
ance’’ is not constant, but varies with the current, decreases with 
increases of current and becomes infinite for zero current. Or, 
considering the relation between current and potential drop, that 
is, the voli-ampere characteristics of the gas path—as more satis- 
factory in such circuits—the current is not proportional to the 
voltage, but no current (except a negligible ionic current) flow until 
a finite voltage E,—the ionization voltage or disruptive voltage 
of the gas path—is reached. Then the current begins, and with 
increase of current, the potential drop across the gas path either 
remains approximately constant (as shown in oscillograms 1 and 
2, low vacuum tube), that is, the effective resistance decreases inverse 
proportional to the current, or the potential drop decreases with 
increase of current (as shown in oscillograms 3, high vacuum tube), 
that is, the effective resistance decreases more than inversely pro- 
portional to the current. With decrease of current, the potential 
drop then increases again, to the final value E, at zero current 
(#2 usually being smaller than E,). At the reversal of the current, 
the potential drop across the gas circuit thus suddenly changes, from 
E, to — E,, that is, shows a discontinuous or abrupt change by 
E, + Bo, as shown by the oscillograms. 


There can be no instantaneous voltage change at the condenser, 
since such would mean an instantaneous change of condenser charge, 
and thus an infinite current. The change of potential drop across the 
gas path, at zero current, thus must be neutralized by an equal but 
opposite instantaneous change of the inductance voltage, and as the 
inductance voltage is proportional to the rate of change of the current, 
the rate of change of current, that is, the slope of the current wave, 
must abruptly change at the current reversal. Wherever therefore 
a gas path is in circwit the slope of the current wave abruptly changes 
at zero current, as shown in the oscillograms and frequently ob- 
served before, though its meaning has not always been realized. 
The voltage and current waves however must remain continuous. 


As it is not possible to integrate over a discontinuity, the integral 
equations of the condenser discharge through a circuit containing 
@ gas path can apply only for one half wave of current. It there- 
fore is not possible to get a set of equations to represent the complete 
discharge, but for every half wave of current of the discharge, a new 
set of equations applies, as shown in the numerical examples. 
In general the equations of discharge current and voltage are of the 
same form throughout, but have different cons'ants for every half 
wave. The constants for the first half wave are derived from the 
initial terminal conditions, that is, the values of current and con- 
denser voltage at the beginning of the discharge. The constants 
of the second half wave are derived from the final values at the end 
of the first half wave as initial values of the second half wave, and 
80 ON. 

As the frequency is one of the constants derived from the terminal 
conditions, the different terminal conditions of the successive 
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half waves may give different values of frequency for the different 
half waves of the same discharge. This is the case, and the frequency 
that is, the durat on of the successive half waves is not the same, but 
the frequency decreases. In other words, the duration of the suc- 
cessive half waves, or the wave length, increases, especially towards 
the end of the discharge, as is quite noticeable in the oscillograms. 
This increase of wave length may be quite considerable, as much 
as 25 to 30 per cent for the last half wave in some of the instances 
given in the paper. This feature may have some bearing in damped 
radio telegraphy, by limiting the sharpness of the possible tuning. 

With a gas path in the circuit requiring a finite voltage EH, for 
the current to start, it follows that if the initial condenser voltage eo 
is greater than E,, the discharge takes place; if eo is less han Ey 
no discharge occurs. The classical condenser discharge equations 
always give a discharge, whatever may be the value of the condenser 
voltage éo. 


From this it also follows that the condenser discharg through 
@ gas circuit can have only a finite number of half waves, and not 
an infinite number of progressively increasing values, as given by 
the classical equations. At every successive half wave of discharge, 
the condenser voltage e is less than that of the preceding half wave, 
due to the energy dissipation in the circwt, and therefore, at a finite 
number of half waves, the condenser voltage e must drop below the 
voltage H;, required to initiate the current through the gas path, 
and then the discharge abruptly stops leaving a finite voltage e, 
and therefore charge, in the condenser. This may be in the same 
or in opposite direction to the initial charge eo, as seen on the oscillo- ~ 
grams and the numerical examples calculated in the paper. Thus 
the condenser discharge through a gas circwit consists of a finite 
number of half waves, after which it abruptly stops, and it does 
not completely discharge the condenser, but leaves a “‘residwal” 
voltage and charge on the condenser. The number of half waves 
is less the greater the energy dissipation and the more rapid 
therefore the decrease of the condenser voltage, so that at high energy 
dissipation, only a single half wave of current may occur, as shown 
in some of the examples. In this case, the discharge is unidirec- 
tional, but differs from the non-oscillatory discharge of the classical 
equations in that the current abruptly goes down to zero and a volt- 
age is left on the condenser, while in the classical equations the 
current and voltage gradually fade out. 


The simplest case is a condenser discharge through an inductive 
circuit of negligible ohmic resistance, but containing a gas circuit 
in which the counter e. m.f. is constant. The gas path then acts 
as a constant counter e.m.f. If the initial condenser voltage is €o, 
the discharge current is that of the resultant voltage (eo — E) through 
an inductive circuit of negligible resistance, and is thus a sine wave. 
At the end of the first half wave the resultant voltage has reversed, 


_ being — (eo — E), and with E as the counter e.m.f. of the gas 


path, this leaves — (e9 — EH) + E,or — (eo — 2E) at the condenser. 
The second half wave of discharge is again a sine wave, but starting 
with the condenser voltage — (eo — 2E), lower by 2E, than the con- 
denser voltage with which the first half wave started. Thus the 
resultant voltage is — (€) — 2E) — EZ = — (€) — 3£), since during 
the second half wave — E is the counter e. m.f. of the gas path. 
In this case, there is not attenuation or decay during the half wave, 
but the half waves are sine waves, and all the decay due to the energy 
dissipation in the gas path occurs discontinuously at the current 
reversal by the successive half waves of current and voltage being 
lower by a constant value.—the value due to 2E, the voltage dis- 
continuity at the current reversal. 


It is interesting to note therefore, that no matter how high the 
energy dissipation in the gas path, that is, the effective resistance 
of the gas circuit, it has no effect whatever on making the discharge 
non-oscillatory, but the discharge through a gas path is always 
oscillatory, no matter how high the energy dissipation, Thus 
the lightning flash must always be oscillatory, though, if the energy 
dissipation is very rapid—as in the faint terminal streamers of a 
branch discharge— the oscillation may consist of one half wave 
only, as in Figs. 2(1) and 8(1) of the paper. 
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Such a condenser discharge through a gas circuit having a con- 
stant counter e.m.f., EH, thus becomes non-oscillatory only, if in 
addition to the gas path, there is an ohmic resistance r in circuit 
greater than the critical resistance ro of the classical equations. 
Discharge waves of this character are given in Fig.1 (III) of the 
paper for the case of negligible ohmic resistance, and in‘Fig. 1 (II) 
uf the discharge circuit contains ohmic resistance besides the gas 
path. 

Consider a gas circuit like that in oscillogram 3, in which the 
potential drop across the gas circuit decreases with increase of 
current, and therefore is a maximum E, at zero current, and a 
minimum E, at high current. Then at the beginning of each half 
wave, the current starts at the rate of a sine wave discharge of the 
condenser voltage ey) with a counter e. m.f. Hy, but with increasing 
current, the counter e. m. f. decreases, the more the greater the dif- 
ference between E,, and E,, and the resultant voltage (e — E) 
thereby increases. That is the current increases at a greater rate 
than it would in a sine wave—the reverse of that in the classical 
equations— so that the first part of the current half wave is lower 
than the last part, and the current maximum is beyond the middle 
of the half wave, as shown in the oscillograms and numerical 
examples. That is, each half wave has the character of a cumulative 
oscillation, and the exponent of the exponential term is positive. 
(Such discharge waves are impossible with the classical equations.) 
Therefore, in the case of a gas path with double peaked potential 
drop, an attenuation occurs at the current reversal lowering 
ihe height of the following half wave below that of the preceding 
nalf wave; but in the following half wave a cumulative effect occurs 
and again increases the height of the half wave, Necessarily, 
ihe cumulative effect, being due to the difference E, — Em, is less 
than the attenuation, which is due to Ey, so that the result is a decay 
of the discharge as obvious, but at a rate less than corresponds to Ej. 

Or, in other words, at the current reversal, an attenuation or 
wave decay occurs, greater than that corresponding to the energy 
dissipation in the circuit, and during the following half wave, a 
cumulative effect occurs, returning the energy and reducing the 
attenuation to that corresponding to the energy dissipation. The 
effect is then of the character of a discharge through a circuit having 
a constant counter e.m.f., E:, and a negative resistance. It is 
interesting to note, that in such a circuit an ohmic resistance r can 
be inserted, equal and even greater than the critical resistance ro of 
the classical equations, and the discharge nevertheless remains 
oscillatory. It becomes non-oscillatory only when the ohmic resis- 
tance, inserted in series to the gas path, is greater than the sum of 
the critical resistance ro and the apparent negative resistance of the 
gas path. 

Numerical examples of such a discharge are given in Figs. 2 (III) 
and 3 (III) of the paper, for the case of negligible ohmic resistance, 
and in Figs. 2(I1) and (II) for the case of the circuit containing 
ohmic, that is, constant, resistance in addition to the gas path. 

The maximum value, which the negative resistance of the gas 
path can reach is equal to the critical resistance ro. 


through an inductive circuit, as given in the text- 

books, give an oscillation of progressively decreas- 
ing amplitude, if the circuit resistance is less, and an 
impulse or unidirectional discharge, if the circuit 
resistance is more than twice the surge impedance. 
They apply only for the case in which the resistance 
of the circuit is constant, that is, independent of the 
current, and therefore do not apply to the very common 
ease in which the discharge circuit includes a spark gap 
or largely consists of a gas path (as is the case with the 
lightning flash). Experience shows that the pheno- 
menon is essentially different; for instance, the con- 
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The general method of integration described in the foregoing, 
applies not only to symmetrical circuits, that is, gas circuits in 
which the potential drop for rising current is the same as for de- 
creasing current, but also for unsymmetrical gas circuits, or cir- 
cuits in which the potential drop at decreasing current is different, 
almost always less, than for increasing current. Examples of 
both types of discharge are given in the paper, Figs. 1 and 2 being 
symmetrical, and Figs. 3 and 4 unsymmetrical discharges. As 
the integration takes place step by step for each half wave, the 
method applies equally to so-called unidirectional gas circuits, 
that is, gas circuits having a potential drop which for current 
flow in one direction is different, often very many times greater, 
than for current flow in the opposite direction, such as the circuit 
of a vacuum tube with one incandescent and one cold electrode, 
etc., suchas so-called rectifing circuits. Haxamples of such are given 
in Fig. 7. 

To conclude then; the condenser discharge through an inductive 
circuit of negligible ohmic resistance, but containing a gas circuit, 
if always oscillatory. 

The oscillation consists of a finite number of half waves, the less, 
the greater the energy dissipation in the gas path. 

The oscillation stops abruptly, leaving a finite voltage and charge 
in the condenser, which may be in the same or in the opposite di- 
rection to the initial voltage. 

The frequency of the successive half waves is not constant, but 
decreases, that is, the wave length decreases, in the successive half 
waves. If the potential drop across the gas circuit is constant the 
discharge consists of pure sine half waves. In a circuit of negli- 
gible ohmic resistance, the successive half waves decrease by a con- 
stant difference. 

In such a circuit, the discharge becomes non-oscillatory only 
uf in addition to the gas path, it contains an ohmic resistance greater 
than the critical resistance of the classical equations. 

If the potential drop across the gas circuit decreases with increas- 
ing current, the discharge waves are cumulative, that is, the current 
increases during each half wave, and the decay of the wave is pro- 
duced by the amplitude of the successive half waves decreasing at 
the current reversal, but the exponent of the exponential term is 
positive. 

Such a circuit acts like a combination of a constant counter e. m. f. 
and a negative resistance. 

The discharge through such a circuit becomes non-oscillatory 
only if, in addition to the gas circwit, it contains an ohmic resist- 
ance greater then the sum of the critical resistance of the classical 
equations plus the negative resistance of the gas circuit. 

The condenser discharge through an inductive circwit containing 
in addition to an ohmic resistance a gas path, is intermediate 
between the discharge through a pure gas path and the classical 
condenser discharge equations, but always retains the charac- 
teristics of the discharge through a gas path, of a finite number of 
half waves, a residual charge on the condenser, a decrease of the 
frequency and a change and often reversal of the attenuation constant. 


denser does not completely discharge, but a residual 
charge remains, which may be in the same, or in oppo- 
site direction to the initial charge. 

A study of these more general discharge equations 
thus is of interest, and is given in the following in a 
somewhat different form from previous publications. 

Let an electric circuit contain a constant capacity 
C, a constant inductance L, a constant ohmic resistance 
r, and an effective resistance r’, the voltage E of which 
varies with the current in any desired manner: 

Bie orn Ff (3) 
such as that of an are, spark or vacuum discharge 
(lightning). 
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Characteristic of such gas or vacuum discharges is, 
that the voltage E does not vanish for zero current, 
but reaches a finite value at 7 = O, that is, the “‘effec- 
tive resistance’ r’ becomes infinite at zero current. 
Usually, the voltage EH is a maximum for zero current, 
and decreases with increasing current.! 

Some approximate empirical equations which have 
been proposed for such discharges, are: 


Gas discharge E = 


where a = disruptive strength of residual ionization 
of discharge path. 


wk eee 
Are E=r't = @) + Vi 
where e, = terminal drop, / = length of arc, and 
6 = terminal effect on are stream. 
Geissler Tube E = r’'i = const. 
(approximation, at fairly 
high gas pressures especi- 
ally) 


In all these cases, where the voltage E does not 
disappear, but reaches a finite value Ey at zero current, 
it must as counter e. m. f. of energy dissipation in the 
discharge path, abruptly change at the current reversal, 
from + E,to— Ey, that is, the counter e.m.f.E 
contains a discontinuity at 7 = O. 

In a circuit containing inductance and capacity, 
neither current nor voltage can change abruptly, that 
is, instantly, but both must be continuous, since a 
discontinuity of current would give an infinite e. m. f. 
of self-induction, a discontinuity of voltage an infinite 
capacity current. Thus the discontinuity of the 
counter e. m. f. of the discharge path must be compen- 
sated by an equal and opposite discontinuity of the 
counter e. m. f. of self-induction, that is by a discon- 
tinuity in the slope of the current wave.” 

Due to the discontinuity of the slope of the current 
wave at the current reversal, the integration cannot be 
carried over the current reversal, but a different set 
of integral equations applies to each half wave of cur- 
rent. The integral equations of the successive half 
waves usually have the same form, but differ from each 
other by their integration constants derived from the 
terminal conditions: The initial terminal conditions 
of each half wave. being the final terminal conditions 
of the preceding half wave. 


1. In some conductors, with increasing current, the voltage E 
reaches a minimum, and then increases again with further 
increase of current. (pyro-electric conductors.) 


2. Such discontinuities of the slope of the current wave are 
shown by the oscillograph in cireuits containing such conductors, 
as those of rectifiers, cireuit breakers, etc. For some such 
oscillograms, see “Transient Phenomena,’”’ II Section, in the 
chapter on arc rectification. Also see the following oscillograms, 
Figs. 8 to 10. 


Transactions A. I. E. E. 


GENERAL CASE 

The differential equations of the discharge of a 
condenser of constant capacity C and initial voltage 
éo, through a constant inductance L, a constant resist- 
ance r, and a circuit of counter e.m.f. E = f (4), 
(lightning flash, Leyden jar discharge), are then given 
by: 

Voltage at condenser terminals 


di 
= Lae +ri+E 

(1) 

Current in discharge circuit 
jee 2 

with the terminal conditions 
REEL § Bie 2=O0% = 64 (3) 
Differentiating (1) and substituting (2), therein, gives 

ai ae dE 


As 7 is a function of t, HE = f (i) may be expressed as 
a function of time j 
E=f(@)=f' @ 
and in the interval between two successive zero values 
of z, f (¢) can thus be expressed by a Fourier series of t. 
Instead of expressing f (7), without loss of generality, 
the function _ 

F(t) = & (Bo— f @)) (5) 
can be expressed in a Fourier series, where c is still 
an arbitrary constant, and B, chosen so that f (2) has 
no constant term. 


This gives 
E=f() =B.-—e“*F( 
= By— e*> {Besinkqt + Br’ coskqt} (6) 


where c is an exponential decrement, and g the wave 
length constant, that is, gt = 7 gives the interval 
between two successive zero values of current. c and 
q appear as integration constants. 

[Equation (5) excludes the case of the apilaive 
discharge, in which the current reaches zero only 
after infinite time, as occurs for f (7) = 0;r 22 /L/C. 
This case is of no importance here.] 

In view of equation (6), (4) is integrated by 

i= e*> { Arsinkqt + Az’ costk qt} t) 

As the integration is carried over one half wave oniy, 
we can, without loss of generality, assume the trigono- 
metrical part of the second half wave of (8) and (7) 
as symmetrical with that of the first half wave, that 
is, (7) and (8) to contain only the odd harmonics: 
k=27t+1 

Substituting (6) and (7) into (1) and (4) gives 

e=B,+ €*2 { [Ak (r—cL)— kqL Ai’ 

— Bijsinkqt + [kqL Ax + Ax’ (r—cL) 
— B:'] cos k qt} 
e“> { [Ak (1/C—er— Lik @— c’]) 


(8) 
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—kqAzr' (r—2cL) + (cBe+kqBz')| sink qt 

+ [kq Ae (r—2cL) + Az’ (1/C—er 

— L{k? @— c]) — (kq Be— cc Be’) |cosk qt} =0 
(9) 


t = 0 gives the terminal conditions; 7 = 0; e = e; 


thus, substituting into (7) and (8) 


DAR = 0 (10) 
— By = > {kqL Az + Ax’ (r— cL) — Bz’} 
and by (10) 
— By == {kqL Ax — B:’} (11) 


As equation (9) must be an identity, its individual 
coefficients must vanish. This gives the 2 » equations 


[where n = number of harmonics of the series in (6) 
and (7)] 
Az (1/C — cr— L [k? @ — ce] ) } 


—kqAr' (r—2cL) + cBe+kqBr' =0 
kqAr(r—2cL) + Az’ (1/C— er 
—Li{e@—ce?])—kqBe+cB:’ =0 

If the relation between the current 7 and the potential 

drop E across the gas circuit, is given by an equation 

E = f (2) (13) 
then, substituting for E and for 7 the equations (6) 
and (7) into (13), gives an identity in sink qt, coskqt 
and the constant term, and their individual coefficients 
must vanish. This gives (2 + 1) further equations. 

If the relation between F and 7 is given empirically, 
by curve or table, (2 + 1) corresponding values may 
be chosen and so give the second set of (2 + 1) 
terminal equations. 

The 2% equations (12), the (2~+ 1) equations 
derived from (13), and the two equations (10) and 
(11) give a total of (4 + 3) equations, for the deter- 
mination of the 4+ 38) integration constants Az, 
Ar’, Br, Be’, Bo, c and g. 


(12) 


A. CONSTANT RESISTANCE 


If the resistance of the discharge circuit is constant, 
= 1, that is, H = 0; Bo, Be, and Be’ vanish, and by 
(12), all the Az and Ax’ also vanish, that is, there is 
no discharge, unless in one of the Ax, Ax’ the individual 
coefficients in (13) vanish, and this Az po Ae’ thus 
becomes indefinite. 

Assume this to be the case fork = 1. This assump- 
tion leaves the conditions general, as by choosing 
another value of k, the k merely enters as a factor into 
the q. 

We have then, for k = 1, by equation (12) 

1/C—cr—L(¢-—c*?) =0 
r—2L=0 
thus 


ia Fd 
2L 
i ce ee (14) 
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by (10), A’ = 0, and by (11) 


€o 
A PD 
thus 
a; ) 
= — rs sin qt 
q (15) 
Z. or r , 
€ = && € jeoat + oh sin qt 


These are the well-known equations of the condenser 
discharge through a circuit of constant resistance, 
inductance and capacity. 

The ratio of the values of two successive half waves 
is constant otikm 

deft, Sen? (16) 
that is, the discharge decreases in constant geometrical 
proportion. 

An instance is plotted as curve I of Fig. 1, for the 
constants 

C= eo, Ne ets 6g 5 20,000, 
the equations: 

Discharge Current 


4 = 207 €~7500* sin 9685 ¢ 


giving 


Fig. 1 


Condenser Voltage 
e = 20,000 €-25°% {cos 9685 ¢ + 0.258 sin 9685 ¢ 
B. CONSTANT VOLTAGE Drop IN GAS CIRCUIT 
E = constant = Ey 
This gives Bi he By = 0 = Bp 
Thus by the same reasoning, equation (12) gives 


By (10); A = 
and by (11) 


8 STEINMETZ: 
Thus 
mae en Ey ey ) 
By I, Tagged, Wee? eel LL 
ape 
é= Ey — (@) — E)) € = {cos qd t (17) 
Lk , 
=> DPE Pre) 


An instance is plotted as curve II, Fig. 1, for the 
constants 


C= 1f* = 10; f= an = 
giving the eeend 

4; = 186.4 €—5° sin 9920 ¢ 
— 123 «5% sin 9920 ¢ 
+ 70.6 e125 sin 9920 t 
t= = 27.7 E22 sin 9920 
3, = 0 
1500 + 18,500 €—15 {cos 9920 ¢ 

+ .126 sin 9920 t} 


1500; e@9 = 20,000 


é. = — 1500 — 12,200 €— 125° {cos 9920 ¢ 

+ .126 sin 9920 ¢} 
é; = + 1500 + 7000 €—5° {eos 9920 t 

+ .126 sin 9920 t} 
es = — 1500 — 2750 e—5° {eos 9920 t 

+ .126 sin 9920 t} 
e; = + 760 = const. 


In the special case that the ohmic resistance is 
negligible, r = 0, and all the energy dissipation occurs 
in a gas circuit of constant potential drop HE = EK, 
we have, 


C= 
i" i 
5 es AS ne * 
thus j 
1 = — Ey) zosingt | 
e = E, + (@:— Ey) cosqt (18) 
where 


Zo = /L/C = surge impedance, or natural impedance 
of the circuit 
In this case, at the end of the first half wave, we have, 
e = &, = — (@— 2K) 
and the second half wave is given by 
do = — (@9 3 E,) zo. singt 


é2 = — Ey — (e:— 3 Ey) cosqt 
In this case, the difference between the maximum 
values of two successive half waves is constant: 
@é:—@ = 2E, 
11 — te = 22, Ey (20) 
that is, the discharge decreases in constant arithmetical 
porportion. 


An instance is plotted as curve III of Fig. 1, for the 
constants: 


(19) 


CONDENSER DISCHARGES 


Transactions A. I. EB. E. 


C =10-§; L = 107; r=0; E = 3000; e) = 20,000, 
giving the equations: 

2, = 170 sin 10,000 ¢ 

7. = — 110 sin 10,000 ¢ 

73 = + 50 sin 10,000 ¢ 


é; = 3000 + 17,000 cos 10,000 ¢ 
— 3000 — 11,000 cos 10,000 ¢ 


é; = + 3000 + 5000 cos 10,000 ¢ 
e, = — 2000 = const. 
If*)¢;:= 297 By ere (21) 


where p is the largest integer by which 2 E, divides 
into é@, and leaves é€)’ numerically (irrespective of the 
sign) less than E, that is, eo’? £ E,?, p is the number of 
successive half waves of the discharge, and + e’» is 
the residual charge, remaining in the condenser, after 
the discharge stopped. That. is, in this case, the 
condenser discharge does not consist of a (theoretically) 
infinite number of gradually decreasing half waves, 
which completely discharge it, but the discharge stops 
after a finite number of half waves, and does not com- 
pletely discharge the condenser, but leaves a residual 
charge (as well-known in the discharges of condensers, 
such as Leyden jars, through a spark). This residual 
charge may be in the same direction or in the reverse 
direction of the initial charge é. 


Thus in this case, the total discharge, fi dt = Os 1s 


not constant and equal to the charge of the condenser: 
8) = @ C, but may be more or less. 

If Ey = > e@/8, only one half wave of discharge 
occurs, and the discharge thus is unidirectional, 
showing a similarity to the impulsive discharge. It 
differs therefrom by terminating sharply at a definite 
time, while the impulsive discharge tapers into infinity. 

In the general case B, essentially the same conditions 
pertain; a finite number of half waves, and a residual 
charge remaining in the condenser. The decrement is 
neither geometrical (logarithmic) nor arithmetical. 


C. SINE WAVE DISCHARGE 


It is of special interest to investigate the conditions 
under which the successive half waves of discharge 
current and voltage are pure sines (except as regards 
to the exponential factor, and the discontinuity of the 
current slope), that is free of higher harmonics. 

Then the trigonometric series ends with k = 1, and 
it is 


t=Ace“singt (22) 

E = B,— e~* {B, sing t — B,’ cos qt} (23) 

e=B, +e {{A(r—cL) — B,Jsingt 
+[AqL+B,’]cosqt} (24) 


[For convenience, the sign B,’ has been chosen 
negative, so as to make B,’ positive for the usual form 
of the gas discharge.] 

2n +1 = 3 constants can then be chosen arbitrarily, 
that is, by experiment, etc., in the relation between 7 
and E. 
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As such the following are preferably chosen: 

The potential drop across the gas circuit at zero 
current at the beginning of the discharge: E = E, for 
vr o. 

The potential drop across the gas circuit at zero 
current at the end of the discharge: H = E, for 
Gt =a ap); 

The potential drop across the gas circuit for (ap proxi- 
mately) maximum current, at the middle of the dis- 
charge: E = EK, for gt = 7/2, 14 = %. 

In general, E,, SE, SE, 

This gives the equations, by substituting into (23) 


Ey = By = ie B’; 
Ey a; By — 6? B,’ (25) 
En = Bo- 6B, 
where 6 = e€7¢7/24 
thus 
_ & E+E 
eT Pa 
eo B= Ee —§ ® Fo +hi— 1+ &) Ez, 
ie Sareg Fy at 5 + 8) A), 
fate E) - BE, 
hitoess 1+ & 
from equation (11) follows, : 
€o — 8 = qLA + By,’ 
thus ee ee 
q q (27) 
where B= 2a — io } 


the equations (12) give, 
A [lL (e— g@) —re+1/C] + [c B,— q Bi’) =0 } 
Aq(lr—2cL)— [¢Bi+c¢ By’) = () 
and denoting, 


2) ieee 
i: 
1 (28) 
tse . k2 
pon k | 
and substituting (27) for A, we have, 
(29) 


B(?e—@—cat+k)+q(cBi-qBi' =0 \ 
B (a— 2c)— (qBi+cB;') =0 

From these two equations (29) follow the values of 
c and q, and thereby all the constants in 7 and e are 
evaluated. 

As c and gq enter into B, and B,’, through 6, equations 
(29) are best evaluated by approximation. That is, 
from (29) it follows that, 

sf aBB 1 
te Be (8 ees 


BB + By? 
Ee 
saligesaady aE op 

a? B? 


aBB, y 
Bet eBshy Ce 
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aB—qB, 
2B+B,' 
Assuming first gq = k and c = 0, g ves a first approxi- 
mation of B, and B,’, and with these values of B and 
B,’, by equations (30) and (31) a first approximation 
of g and ¢ is calculated, and this used in the same manner 
to get a second approximation of B, and B,’, and of 
q and ¢, and so on, unti' the approximation is sufficiently 
close, and this is usually obtained very rapidly. 
IMPULSIVE DISCHARGE 
Here q becomes imaginary, and the discharge thereby 
ceases to be oscillatory and becomes impulsive, when 
the term under the square root in (30) becomes negative. 
This is the case for 


BY CBs By 


c= (31) 


; i rae. 
a>k BBB) (32) 
BY + Bi” 
or ee eee ee (33) 


for B,; = 0, B,’ = 0, this gives the usual equation: 
Ey” 20. 

In general, in a gas circuit B, B, and B,’ are positive, 
and thus the energy dissipation that occurs in the gas 
circuit does not lower the values of the ohmic resistance 
r, at which the discharge ceases to be oscillatory, but 
on the contrary, the presence of a gas circuit causes the 
discharge to remain oscillatory for values of the ohmic 
resistance r, greater than those at which otherw'se the 
discharge would become impulsive. 


SYMMETRICAL GAS DISCHARGE 
If the discharge through the gas circuit is sym- 
metrical, that is, the potential drop across the gas cir- 
cuit, HZ, has the same value for decreasing as for increas- 
ing current 7, or in other words, the discharge through 
the gas circuit has no time lag, then we have, 
E.-E,, 


E, = Ey; By’ = 0; Bo = Ep; are mea 


and 


(34) 
pant ks) oe a 1 
=-2- T3B-2 By 
1+ (se 
oe te pis he 2 
B 1 
Zs 1+ (sr) 
a? 1 
ie are (35) 
te See 
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€o — Ey 


se e sin gt 
— (Ey — E,,) €4*4*¢sm gt 
(36) 


e= Ey + +} (¢0— By) cosg Lh 


DISCHARGE WITH NEGLIGIBLE OHMIC RESISTANCE 


If the ohmic resistance of the discharge circuit is 
negligible, r = 0, that is, all the energy dissipation 
occurs in the gas circuit (as is probably usually the 
case with a lightning discharge, etc.), we have, 

a= 


_7 (@9— Eo) 
gna 


eats 

an ae 
q = 

B 
e . 37 
k(2B+ By’) \/ (B+ By’) (B24+ 2B + Bi’)?] Sah 
a ES ee a a 
=—kB, \/ (B + By’) [By-+ (2B+ By’)? | (38) 


that is, the exponent of the exponential term is positive, 
and the oscillation cumulative, thus increasing during 
the half wave—to drop however again discontinuously 
at the end of the half wave—to a value less than the 
preceding half wave, giving the decay of discharge, 
by the discontinuous voltage change at the current 
reversal, from +H, to — Ep. 

In the condenser discharge through a constant ohmic 
resistance r, the exponent of the exponential term is, 


path 2 

“ai Bale 

where r, = ohmic resistance. 
Substituting in (38), 


serie oe Mg: Sire ' 
ae a.) pte ee gIVEs, 
T> = 
ae ae B 7a eae 
psn, By V (B + B,') (B2 + 2B+ B,’)*] 


(39) 


The gas discharge acts like an effective negative 
resistance of value rp. 


SYMMETRICAL GAS DISCHARGE OF NEGLIGIBLE OHMIC 
RESISTANCE 


If the gas discharge is symmetrical, that is, in a 
symmetrical gas discharge of negligible ohmic resistance 
we have, 


r= 0; 


a=0Q, and E,=E£, By’ =0; By, = EB; 


and, 


Transactions A. I. H. E. 


k 
C= hy SS aap ee 
ieashis-i 
1 
ne ne en) 
k By 
2B | Py ee 
a ies BY 4 Bsa (Al) 
(=) 


In this case, q is always real. Such a condenser 
discharge through a circuit of negligible ohmic resist- 
ance, but containing a symmetrical gas path, is always 
oscillatory, never impulsive, that is, unidirectional, 
though the oscillation may comprise one half wave 
only. 

DECREMENT AND FREQUENCY 

As a gas circuit acts like an effective negative resist- 
ance, it follows that in the circuit of a condenser 
discharged through a gas circuit a considerable ohmic 
resistance 7; may exist, and the decrement of the circuit 
still be zero: c = 0. 

The conditions of such a circuit of zero logarithmic 
decrement are, 


~ Be =O; — O= 41. 
B = @¢— Ey; By = 1/2 (Ey + Ei); By = LZ (Eo 
+ H,—2E,); By’ = 1/2 (Eo— Ei): 
From (31) it follows that 
B 
Ce: B, 
and, substituting this into (30), gives, . 
oy ee ce 
COT AeA le Frei 
a 
thus 
ho hi 2 
"= % 72GB) a-ha) 
* 2 fe, HD ee fee i 
where = JS L/C Z 
: Sch eis at: 
qo = af Le 


Thus, if in a condenser discharge circuit containing 
a gas path, the ohmic resistance = 1; (42), the exponen- 
tial decrement is zero, and the half waves of discharge 
are perfect sines. If the ohmic resistance r of the cir- 
cuit is greater than ri, r > 7:1, the logarithmic decre- 
ment is positive, that is, the wave decays. If the 
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ohmic resistance r of the circuit is less than r:, r > ri, 
the logarithmic decrement is negative, that is cumula- 
tive, and the wave increases—to decrease however 
discontinuously at the end of the half wave by the 
change of the potential drop across the gas path, at 
the current reversal, from HE, to — E>. 

For a symmetrical gas discharge we have, FE; = E,; 
B 1’ = 0, thus, 


Ey — En 
i = Be apaapee (44) 
(SE ASS 


It is interesting to note that, when the logarithmic 
decrement of the discharge oscillation disappears, due 
to the effective negative resistance of the gas path 
compensating for the constant ohmic resistance of the 
circuit, the frequency of the discharge—as given by 
q = 27 f—only then becomes equal to thatof the 
circuit without energy dissipation, when the discharge 
‘is symmetrical. If however the gas circuit is not 
symmetrical, but the potential difference for rising 
current is greater than for decreasing current, in other 
words, if a time lag exists in the gas path, then the 
frequency of the oscillation is lowered by the asym- 
metrical nature of the gas path (43). 

As the decrement c and the frequency constant q 
depend not only on the constants of the circuit and the 
gas path, but also on the initial condenser voltage é), 
it follows, that for the successive half waves of such a 
discharge, the decrement c and the frequency constant 
q are different. The value of c changes from positive 
to negative and increases negatively, that is, the damp- 
ing effect of the successive half waves decreases, is 
replaced by a cumulative effect, and the latter indefi- 
nitely increases, until the discharge stops. The 
frequency in the successive half waves of discharge 
decreases, that is, the wave length increases, especially 
towards the end of the discharge, as seen from the 
illustration given below, and their equations, and the 
appended oscillograms. 


MAXIMUM INCREMENT 

In a condenser discharge through a gas circuit, the 
exponent of the decrement e«-* may be positive, 
e+“! that is, the discharge is cumulative. The ques- 
tion arises under which conditions this cumulative 
effect is a maximum, that is, when c is a maximum 
negative value. 

Equation (31) shows that this is the case for a = 0, 
that is, when r = 0, or there is no ohmic resistance, as 
was to be expected. 

In this case we have, 


ayes. mn ISS 
Ltie CD Bite Be! 
thus, c is a maximum for B,’ = 0, or EH; = Eo, a sym- 
metrical discharge. 
The maximum cumulative effect should occur with 
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the symmetrical gas discharge of negligible ohmic 
resistance. 
We have, then from (41) 


Ey e Ein 
26 (€o — Eo) 
Ey — Em 2 
Vi+ (aac ky) 

which increases with increasing H#, and decreasing En. 

That is, the cumulative exponential decrement due 

to a gas path is the larger, the larger the potential drop 

across the gas path at zero current, and the smaller is 

the potential drop at maximum current, and approaches 

the final value for H,, = 0 and Hy = é, of c = — qo, or 
To = — @o. 

That is, the effective negative resistance of the gas 

path approaches, as a maximum, the value of the surge 


impedance 2 = ./ L/C of the circuit. 


(46) 


IMPULSIVE DISCHARGE 


The question arises, whether, and under what condi- 
tions the condenser discharge through a gas circuit 
may cease to be oscillatory, and becomes impulsive 
or unidirectional. 

If, as is usually the case in a gas circuit, @) > Hy > Fy 
>E,, B, B, and B,’ are positive, and by equation 
(33) the ohmic resistance r is given, which must be 
exceeded by the circuit, to become non-oscillatory, and 
this ohmic resistance is greater than in the absence of 
a gas path. 

The further question arises, whether any condition 
of a gas circuit can be conceived, in which the discharge 
becomes impulsive by the energy dissipation in the 
gas circuit, irrespective of the ohmic resistance of the 
rest of the circuit. That is, whether a condenser 
discharge through a gas circuit of negligible constant 
ohmic resistance, but high energy dissipation in the 
gas path—such as a lightning flash—can ever be non- 
oscillatory. 

If the ohmic resistance of the circuit is negligible, 
r = 0, and we have from (37), 


a k(2B+ By’) pie 
V/Be+(2B+ B,') B+ B,’ 
1? ss 
Raceline ES FEU: 90 


q then can only become imaginary, that is, the discharge 
non-oscillatory, if 


$5 eee 
B+ B,’' 


becomes negative. 
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If B,’ = 0 in a symmetrical gas circuit, this is not 
possible, but 
Af... 22 ee 
B+ By’ 


and, as stated after equation (41), such a discharge 
through a symmetrical gas circuit always is oscillatory, 
no matter how high the energy dissipation in the gas 
circuit, unless it is made non-oscillatory by constant 
series resistance (33). 

The only condition, under which such a condenser 
discharge through a gas circuit of negligible ohmic 
resistance ceases to be oscillatory occurs when B,’ 
is negative and — B,’ > B, that is, by (26) and (27): 


E,— E> 
1+26 


Since E,; > @ + 6 (@) — Eo) 

and as Ey < é, otherwise the discharge would not 
start, it would mean a gas path in which the potential 
drop at the beginning of the discharge starts, for zero 
current, with a value EF, less than the condenser 
voltage €), then decreases to E,, and then increases 
to a value E,, higher than the initial condenser voltage. 
In this case the discharge would obviously cease. It 
might be possible to experimentally create such condi- 
tions, by a slow vacuum discharge, producing a gas 
pressure and thereby increasing its potential drop, but 
in general, such would not occur. Unless a constant 
ohmic resistance of sufficiently high value is in series, 
a discharge through a gas circuit, such as a lightning 
flash, always must be oscillatory, no matter how great 
the energy dissipation, though the oscillation may 
contain one half wave only. 


> @y) — Ho 


C-106; L-=10?: €¢-20,00 rt 
E> Ey 6000; E,s1000 
Ill: r-0 


ete 


Fig. 2 


NUMERICAL EXAMPLES 
As illustrations the following examples are given of 
some numerical values in Figs. 2 to 4, of the successive 
half waves of discharge, for the constants, 
CS Lhe Lie 10-8 €) = 20;000 
and in Fig. 2 for a symmetrical gas circuit varying from 
6000 volts at zero current, to 1000 volts in the middle 


CurvelI. r = 50 ohms. 
a, = 146 e—*°° sin 9600 ¢ 
9 Se 0 
= 6000 + €-*° {900 sin 9600 t+14,000 cos 9600 #} 
e, = — 5500 = const. 
6000 — 5520 €- °° sin 9600 ¢ 


| C-10%; 
| | E8000; E4000; E,71000; | 


Fie. 3 


Curve II. r = 25 ohms. 


4, = 140 €+435* sin 10,000 ¢ 
tg = — 39.3 E78 gin 9900 ¢ 
13 — 0 
é: = 6000 +-«+4 { — 570 sin 10,000 ¢ 
+ 14,000 cos 10,000 ¢ } 
€2 = — 6000 — 6278 { — 1140 sin 9900 t 
+ 3900 cos 9900 t} 
és; = + 3450 = const. 


E, = 6000 — 4680 +4 sin 10,000 ¢ 
Ex = — 6000 + 3220 e420 sin 9900 t 
7 =9 
Curve III. r= 0. 
21, = 142 e+'420 gin 9900 ¢ 
in = — 102 e+1820t sin 9830 ¢ 


43 = + 62 €+2400 sin 9650 t 
14 = — 28 €+4890 sin 8750 t 
is =0 
€: = 6000 + e+ { — 2000 sin 9900 ¢ 
+ 14,000 cos 9900 t } 

és = — 6000 — +830 { — 1870 sin 9830 t 

+ 10,000 cos 9830 t } 
es = + 6000 + &2°% {— 1660 sin 9650 ¢ 

+ 6000 cos 9650 ¢ } 
es = — 6000 — e*489% {_ 1120 sin 8750 t 

+ 2000 cos 8750 t} 
es + 5200 = const. 


E, = 6000 — 4000 e+'#2% sin 9900 t 

= — 6000 + 3740 e+ sin 9830 ¢ 
+ 6000 — 3270 +269 sin 9650 ¢ 
E, = — 6000 + 2220 €+4899% sin 8750 ¢ 
E; — 


For the same values C= 10-§; L=10- and 


of the current wave, and back to 6000 volts at zero e) =20,000, Fig. 3 gives the discharge waves through 


current, and for the three values of constant ohmic 
resistance, 


an unsymmetrical gas circuit, varying from 8000 
volts at zero current, to 1000 volts in the middle of the 
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current wave, and then back to 4000 volts at zero cur- 
rent, and for the three values of constant ohmic 
resistance. 


Curve I. r = 50 ohms. 
4, = 181 e459 sin 9180 ¢ 
te = 0 
é: = 5840 + e—45% {720 sin 9180 ¢ 


; + 14,160 cos 9180 ¢} 
e. = 63380 = constant 
E, = 5840 — e—45% {5250 sin 9180 t 

— 2160 cos 9180 t} 
E, — 0 
Curve II. r = 25 ohms. 
24, = 129 €+545t sin 9300 t 
tg = — 29.3 €+3450t sin 7900 t 
13 = ) 
€, = 6180 + e+*4% {— 830 sin 9800 t¢ 
+ 18820 cos 9300 ¢} 


és = — 7200 — +3450 {— 1340 sin 7900 t 
+ 3120 cos 7900 ¢} 
és; = + 5100 = const. 
E, = 6180 — et+®45t {4740 sin 9800 ¢ 
' — 1820 cos 9300 ¢} 
E, = — 7200 + e+*45% {3080 sin 7900 ¢ 
— 790 cos 7900 ¢} 


Curve III. r = 0. 
4, = 129 €+1550t sin 9310 ¢ 
te = — 90.5 €+2°59 sin 9070 ¢ 
43 = + 55 €+7880t gin 8500 ¢ 
4 = — 20.5 €+450% sin 7320 t 
ts = 0 
€: = 6500 + eto {— 5250 sin 9310 ¢ 
+ 13,500 cos 9310 ¢} 


és = — 6700 — e*2°6t {— 5860 sin 9070 t 

+ 9500 cos 9070 t} 
és = + 7000 + e+8° {— 5110 sin 8500 t 

+ 5700 cos 8500 ¢} 
és, = — 7500 — €+4590t {— 3300 sin 7320 t 

+ 2000 cos 7320 t} 
és = + 6300 = const. 
E, = 6500 — e+1550 {4250 sin 9310 t¢ 

— 1490 cos 9310 ¢} 
E, = — 6700 + e+?°6° {4000 sin 9070 ¢ 

— 1310 cos 9070 ¢} 
E; = + 7000 — e+*8° {3530 sin 8500 t 

— 1030 cos 8500 ¢} 
E, = — 7500 + +499 {2300 sin 7320 t 

— 500 cos 7320 t} 
B;’=-0. 


As seen, the number of half waves of the discharge 
under these conditions of a high open-circuit voltage 
of the gas path, varies from one at the constant resist- 
ance of 50 ohms, to four with no ohmic resistance in 
circuit. 

Fig. 4 shows the discharge curves, for the same con- 
stants C = 10-*; L=10-; e = 20,000, for a low 
ohmic resistance, r = 10, and through an unsym- 
metrical gas path of lower voltage; from Ey) = 3000 
volts at zero current, down to E,, = 500 volts for larger 
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currents, and up again to #H, = 1000 volts for zero 
current. 

We have, 

4, = 175 e-*7' sin 9720 ¢ 

to = — 181 €+*8 sin 9650 t 

43 = + 98.5 ett sin 9510 ¢ 


ts, = — 61.6 e+ 2% gin 9270 ¢ 
1s = + 34.9 €+1815¢ sin 8840 ¢ 
4¢ = — 12.1 €+325% gin 7450 ¢ 
7 = 0 


é: = 1990 + e—*¢ {120 sin 9720 ¢ 
+ 18,010 cos 9720 t} 
— 2010 — e+®* {— 90 sin 9650 t 
+ 138,610 cos 9650 ¢} 
es; = + 2050 + e+? {— 285 sin 9510 ¢ 
+ 9840 cos 9510 ¢} 
é, = — 2110 — e+ ®6 {_ 450 sin 9270 ¢ 
+ 6620 cos 9270 t} 


eo = 
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€; = + 2230 + e+1315¢ {— 570 sin 8840 t 

+ 3850 cos 8840 ¢} 
e; = — 2600 — e#59" {— 570 sin 7450 t 

+ 1300 cos 7450 t} 
eé; = + 2500 = const. 
E, = 1990 — e~** {1510 sin 9720 ¢ 

— 1010 cos 9720 t} 
FE. = — 2010 + e+8 {1490 sin 9650 ¢ 

— 990 cos 9650 t} 
E; = + 2050 — e+”! {1480 sin 95107 

— 950 cos 9510 ¢} 
E, = — 2110 + +88 {1450 sin 9270 ¢ 

— 895 cos 9270 t} 
E; = + 2230 — e+13!5¢ {1380 sin 8840 ¢ 

— 775 cos 8840 t} 
Es, = — 2600 + +25 {1080 sin 7450 t 

— 410 cos 7450 ¢} 
E, — 0. 


It is interesting to note that in the successive half 
waves of discharge through a gas circuit, especially 
an unsymmetrical one, under these conditions the 
frequency decreases, that is, the wave length increases, 
by over 30 per cent between the last and the first half 
wave. 

The exponential decrement steadily decreases, and 
thus changes from a decrement in the first half wave, 
to an increment of increasing amplitude in the suc- 
cessive half waves. If the ohmic resistance is small, 
the first half wave shows an increment. 
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As a further illustration there is shown, in Fig. 5, 
the first half wave of a discharge carried out to the 
third harmonic, through a symmetrical gas path and a 
constant ohmic resistance of such value as to make the 
decrement vanish, that is, to give c = 0; for the con- 
stants: C =10-§; L=10°; e = 20,000, and for 
the voltages of the gas path given as 
E, = 6000 volts at zero current, at the beginning and 

the end of the half wave, 
E,, = 1000 volts in the middle of the half wave, and 
E = 2000 volts at 30 degrees after the beginning and 
before the end of the half wave. 

The values Ey, E,,, and E, substituted into equation 
(6) give five expressions for the determination of the 
five constants, Bo, B,, B,’, Bs, B;’. The four equations 
(12) express the values A,, A,’, Az, A;’ in the values of 
B, and, substituted into equations (10) and (11), give two 
equations for the determination of q and r, by approxi- 
mation. 


C-10%; L-107; e;20,000 
5 ES r=43. 


This gives the value of constant ohmic resistance as 
r = 43.3 ohms, and the discharge equations, 
17 = A,singt+A,;’cosqt+ A3sin3qt 
+ A;’ cos38 qt = 139 sin 9946 ¢ + 3.6 cos 9946 ¢ 
+ .2 sin 29,888 t — 3.6 cos 29,838 t 
e = Bor { (rAr—kqL Ax’ — Be) sink qt 
+ (kqL Ax +r Ax’) cosk qt} = 6000 
— 330 sin 9946 ¢t + 14,100 cos 9946 t¢ 
+ 80 sin 29,838 t — 100 cos 29,838 ¢ 
E = B,— B,singt— B;sin38 qt = 6000 
— 6000 sin 9946 t — 1000 sin 29,838 t. 


VOLT-AMPERE CHARACTERISTICS 


Fig. 6 gives the volt-ampere characteristics (of the 
first half wave) of the preceding figures, that is, the 
potential drop of the gas circuit E, as ordinate, with 
the current as abscissas (in a fraction of its maximum 
value). 

Line C D (2) gives the E to 7 relation of the sym- 
metrical gas circuit of Fig. 2. 

Curve E-D-F (3) gives the unsymmetrical circuit 
of figure 3, with EF D for increasing, D F for decreasing 
current. 

Curve C (5) D gives the EH to ¢ characteristic of the 
discharge. Fig. 5, containing the third harmonic. 

For comparison, A B (r) is the volt-ampere charac- 
teristic of a constant ohmic resistance, and C B (1) 
that of a gas path of constant voltage. 
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E. ASYMMETRICAL OR UNIDIRECTIONAL CONDUCTOR 

The volt-ampere characteristics of gaseous conductors 
very often depend on the direction of the current flow, 
that is, the potential drop across the conductor, and 
its variations with the current are entirely different for 
the current flowing in one direction, from that of the 
current flowing in the reverse direction,—often very 
much lower. Such for instance is the case in the 


vacuum tube with one hot and one cold electrode, or a 
vacuum tube with one cold carbon electrode and one 
ionized mercury electrode. In this case the potential 
drop across the tube is very low and approximately 
constant if the incandescent or ionized electrode is 
negative, and the potential drop may be very high, 
especially at zero current in the beginning of the dis- 
charge, if the cold electrode is negative. = 
Since the equations of the condenser gas 
through a gas circuit have to be calculated for every 
half wave separately, the calculation of the condenser 
discharge through such a unidirectional or ‘‘rectifying’’ 
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conductor is the same, the only difference being that 
for alternate half waves of discharge, different con- 
stants are used. 

For example let, for the current in one direction, 
the gaseous circuit consume a constant voltage 

E = E, = 100 volts (a) 

And for the current in the reverse direction, consume 

a voltage varying from 


| 


AS 
SCENE 


Seas 


Bias Z 


E = E, = 6000 volts (b) 
at zero current, to 

E = E,, = 1500 volts (b) 
in the middle of the discharge, and reaching again 

E = E, = 1500 volts (b) 


for zero current at the end of the discharge. 
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Then the even half waves of the discharge are cal- 
culated with the one, and the odd half waves with the 
other set of constants, (a) or (h), as shown in Sections 
Bor C. 

Fig. 7 shows the two discharge curves, for 

ey = "2050002 6 C = 1078) Dee 10 r= 20 
and, in Curve I for the first half wave being in the direc- 
tion of the conduction of the gas path, (a), while in 
Curve II the first half wave of the current is in such 
direction that the gas circuit offers a high opposing 
voltage (6). 
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The equations of the discharge then are: 
Curve I. High Conductivity during Odd Half Waves. 


4, = 200 €—1990 sin 9950 t 
12 = — 98.3 €+'85 sin 8900 t¢ 
dz = + 73 €-199%t sin 9950 t¢ 
V4 = 0 
é, = 100 + e€-1°0% {2000 sin 9950 t 
+ 19,900 cos 9950 t} 
€o = — 3830 — et!85! {— 225 sin 8900 t 


+ 10,470 cos 8900 t} 


GS - 2s 

Air Te - a3 [mm 

Vi 61 - 20f y/ mm of 
Vib2 -~ 1260) tum Sf 
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és = +100 + 199% {730 sin 9950 ¢ 
+ 7270 cos 9950 t} 


é, = — 5160 = const. 
E, = 100 
E, = — 3830 + e+85t {2260 sin 8900 ¢ 
— 2180 cos 8900 t} 
E; =-+ 100 
i — 0. 


Curve II. High Conductivity during Even Half Waves. 


4, = 151 €-*7' sin 9270¢ 

to = — 114 €-19°% sin 9950 t 
73 = + 28 €+2960 sin 75380 t 
14 = — 33.6 €-1990t sin 9950 t 
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1s = 0 
e; = 3660 + €-%7* {425 sin 9270 t : 

— 16,340 cos 9270 t} 
€2 = — 100 — e199 {1140 sin 9950 t 

+ 11,350 cos 9950 t} 
é3 = + 4650 + ©t2080 { — 935 sin 7530 t 

+ 3450 cos 7530 t} 
és = — 100 — ©1994 {335 sin 9950 ¢ 

+ 3340 cos 9950 t} 
és = + 2300 = const. 
E, = 3660 — €-27* {2240 sin 9270 t 

— 16,340 cos 9270 t} 
E, SS 17 100 
EB; = 4650 — €+°6 (2070 sin 7530 ¢ 

— 1350 cos 7530 t} 
E, Sarr 100 
Beye Q). 


It is interesting to note, that not only the amplitudes 
and the decrements of the odd and of the even half 
waves are different, but also the frequency or duration 
of the half waves. 


bon lining 
— ~ 
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As the calculated curves given in the preceding sec- 
tion show a number of characteristics different from 
the usual oscillating discharge curves, a series of oscil- 
lograms was taken of such an inductive condenser 
discharge through a gas circuit. Three of these 
oscillograms are given in Figs. 8, 9 and 10. 

The gas circuit consisted of a vacuum tube of 11/2 
in. diameter and 36 in. length, with tungsten electrodes. 

The inductance was measured as L = 7.4h., the 
capacity 1.7 uf; the ohmic resistance of the circuit 
r = 34.5 ohms, and the initial voltage of the condenser 
discharge was é) = 10,000 volts. 

These oscillograms very decidedly show the charac- 
teristics calculated in Figs. 2 and 4: 

A discontinuity in the slope of the discharge current 
at the reversal. 

The wave shape of the current, characteristic of a 
cumulative discharge, that is, decreasing more abruptly 
than increasing (the reverse of the usual damped 
discharge. ) 

The gradual increase of the wave length, that is, 
decrease of q. 

These three characteristics becoming more pro- 
nounced towards the end of the oscillation. 

The residual charge left in the condenser—in this case 
gradually leaking out through the oscillograph shunt. 


“ 
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The oscillograms give the discharge current, the 
voltage across the vacuum tubes, and a 60-cycle 
timing wave. 

In Fig. 8, the air pressure in the vacuum tube was 
5mm. of mercury. The oscillation consisted of two 
half waves, of maximum currents 7 = 6.25 and 2.85 
amperes, and wave length constants q = 176 and 164. 
The second half wave of voltage gives Hy, = 4150; 
E,, = 3080;~ By, = 1530. 

In Fig. 9, the air pressure was 3.5 mm. of mercury. 
Three half waves occurred, with maximum currents 


2 = 6.7; 3.17; .88 amperes, and wave length con- 
stants gq = 228; 218; 203. The second wave gave 
E, = 2830; EH, = 2430; En = 1480. 


In Fig. 10, the air pressure was 0.01 mm. of mercury, 
and the voltage curves therefore are of materially 
different appearance. Five half waves occurred of 
the maximum currents 7 = 8.2; 5.42; 3.75; 2.58; 
1.58 amperes, and the wave length constants g = 250; 
242; 230; 215; 199. The second half. wave gave 
Ey = 303803 By =. 24703 87, = 530; 


Discussion 


V. Karapetoff: I shall first consider the specific cases 
treated by the author, and then the general case, which he puts 
first. 

The first two cases, A and B, correspondong to H = 0 and 
E = constant; they do not require any special or new method of 
integration of the fundamental eq. (4), since the troublesome 
term, d H/dt, vanishes. Hence, these cases lead to familiar 
decremental sinusoidal expressions. The fact that in the second 
ease the discharge stops after a finite number of alternations 
is very interesting, and it follows directly from the nature of the 
circuit. 

In the case C the shape of the current wave is assumed a 
priort, so that no integration of the fundamental equation is 
necessary. This case seems somewhat arbitrary, in that a 
physical quantity, H, instead of being taken in the beginning 
as a certain function of 7, according to experimental facts, is 
deduced theoretically from an assumed law of variation of cur- 
rent. Of course, the shape of the current in the oscillograms 
(Figs. 8 to 10) shows the reasonableness of such an assumption, 
but the mathematical results for g and c are so complicated as to 
minimize the importance of this case. 

in the remainder of the paper the author also seems to treat 
eases in which eq. (4) is not integrated in its general form, and 
no use is made of the empirical relationships between ZH and 7, 
quoted at the very beginning of the paper. On the contrary, 
these relationships are deduced theoretically (Fig. 6). 

While such a treatment may be valuable as a first approach 
to the subject and while the theoretical curves have considerable 
similarity with the actual oscillograms, a somewhat different 
approach, more in accordance with the physical facts of the 
passage of electricity through gases, is also desirable. The very 
purpose of the ‘General Case” treated at the beginning of the 
paper should be to indicate the solution of the problem for a 


given empirical relationship between Z and i, and yet the author 
does not seem to use this method at all in his special eases. 
I therefore suggest the following alternative treatment of the 


general case: Since 


dE/dt = (d E/di) (di/dt) (a) 
eq. (4) may be written in the form 
tae ie" 
L ae +& +d E/di)di/dt +i/¢e =0 (b) 
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or - + 9 (i) di/dt +ai=0 (c) 
where gi) =1/L(r +d E/di) (d) 
and a@=1/(LC) (e) 


The quotient d E/di may be called the ionization slope of a 
gas. Itis a negative quantity which characterizes the reduction 
in the resistance of the gas with the increase in current. For 
solid metals at a constant temperature this factor is a positive 
constant and represents the ordinary ohmie resistance. Thus, 
the expression in the parentheses of eq. (d) may be called the 
generalized resistance of the circuit, and is one of the data of the 
problem. 

The advantages of eq. (c) over Dr. Steinmetz’s eq. (4) are as 
follows: (1) Eq. (c) contains only one dependent variable, i, 
as a function of t. Eq. (4) has two dependent variables i and 
E. (2) In Kq. (c) the given gas is characterized by its permanent 
and general physical property, d H/di; in eq. (4) it is charac- 
terized by a specific variable factor d E/dt, which applies only 
to a particular circuit. (3) Eq. (4) apparently requires a com- 
plicated solution with (4 + 3) simultaneous equations for the 
determination of the integration constants. Eq. (c) can 
probably be solved by assuming a simple algebraic function for 
¢ (i), and using a method of approximations. In fact ~ (i) 
may be assumed to vary in steps, in which case for each 
step ¢ (¢) is a constant, and the usual solution, of the form of 
eq. (15), holds true. (4) Eq. (c) can be reduced to a differential 
equation of the first order by putting 


di/dt =p (£) 
In this case Sys dp/dt = (d p/di) (di/dt) 

a refs 
or ee (d p/di) (g) 
Kq. (c) becomes p dp/di+pqQ(t) +ai=0 (h) 


While I doubt if this equation can be integrated in the general 
form, certain plausible assumptions may possibly be made in 
regard to ~@ (7) and p, to enable an approximate integration of 
this equation to be carried out, for practical purposes. 

There are some minor statements in the paper which ought 
to be corrected. For example, the solution of a differential 
equation is called an integral equation; the latter term is used 
in modern mathematics in an entirely different sense. The 
quantities C and gq are ealled ‘integration constants’? which 
they are not, being functions of the given circuit constants. 
The equation (7) may be a particular solution only, and nothing 
is said of the complementary function, such as the solution of 
case A. Eq. (4) is supposed to have only two constants of 
integration, being an equation of the second order; the state- 
ment that it has 4 + 3 such constants ought to be explained 
more in detail. 

Charles P. Steinmetz: I was considerably interested in 
Professor Karapetoff’s remarks, as I also tried to introduce the 
direct relation d e/d i into the equations but found that the rela- 


tions between e and 7 usually met in gaseous conduction—some_ 


of them being indicated in my paper—are such that the resulting 
differential equation cannot well be integrated. I therefore 
resorted to the method usual in such ease, to represent the incon- 
venient relation by a Fourier series and use the first terms of this 
series. In other words, started from a special simple solution 
of the general equation and from this determined the conditions 
of the e - 7 relation. 

Speaking of the 2 n + 3 constants as “integration constants” 
is an obvious lapse; “indeterminate constants” was meant.” 

The dynamic characteristic of the general e — i relation I 
have introduced by the asymmetry of the e —7 relation adopted. 
In the oseillograms given in the paper, the frequency is suffi- 
ciently high to give a strongly marked dynamie form of the 
characteristic—the frequency is seen by comparison with the 
60-cycle timing wave shown in the oscillograms. 
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Review of the Subject.—Accidental arcing grounds on 
transmission lines constitute the foremost problem to be solved in 
the transmission of electrical energy over great distances. There 
has come into use to a limited extent, arcing ground suppressors. 
This device consists in principle, of a switch in the station which is 
automatically closed in parallel with the accidental are at any 
point out on the system. The parallel path through the switch shunts 
the current from the arc and thereby extinguishes the arc. This 
development is not yet completed. 

This paper gives the results of some experiments on an entirely 
different device for suppressing accidental grounds—a device that 
was first advocated by Prof. W. Petersen of Darmstadt, Germany. 
The essential part of this new apparatus is a suitable reactor 
c nnected between the neutral of the circuit and ground. This 
reactance is chosen of such a value as to neutralize the capacitance 
of the circuits when an accidental ground of one phase takes 
place. Under this accidental condition the reactor is elec- 
trically in parallel with the active capacitances and, by the well- 
known fundamental law, the only current that flows to the combina- 
tion of the inductance and capacitance in parallel is the current nec- 
essary to supply the energy loss in the combination. The 
simplified equivalent conditions are shown in Fig. 4. This energy 
current can be made very small and it is this relatively small 
current that passes through the accidental arc to ground. If the 
ground is of the arcing type, the arc will, under favorable conditions 
be extinguished, as the energy flowing through the fault is only that 
necessary to supply the losses in the resonant circuit. If the losses 
are low, the energy flowing through the fault will be insufficient 
to support an arc and the voltage of the resonant system is gradually 
reduced to zero, while the voltage between the former faulty wire 
and ground gradually rises to normal value. 

In a comparison of the various methods of grounding and their 
effects on the operation of a power system, the solid and the low- 
resistance grounds assume first and second place in the order of 
desirability. The distinction however, between these two is slight 


HE use of an inductance coil connected between 
the neutral of a power system and ground is ad- 
vocated in an article by Prof. W. Petersen of Darm- 

stadt, Germany, in the Electrotechnische Zeitschrift, Jan- 


uary 2nd and 9th, 1919. This inductance is resonated . 


at the fundamental system frequency with the capacity 
reactance of the power system to ground. It is 
claimed that when one wire becomes grounded the 
current flowing through the fault is of insufficient 
value to support an arc. 

Additional information relative to the operation 
and limiting features of the earth coil has resulted 
from investigations and tests made in this country 
and a comparison made between this and other methods 
of grounding. 

I. THEORY 

The earth coil is applicable to single-phase and poly- 

phase systems upon which a neutral may be established. 
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and choice will be determined by local conditions. Hither the 
Petersen earth coil or the critical-resistance ground will assume 
third place in the order of desirability as the relative advantages 
and disadvantages of these two are about equal. 

The advantages of the Petersen earth coil system are: first, 
the suppression of arcing grounds under favorable conditions; 
second, the reduction of insulator trouble; and third, small earth 
current when a fault occurs to ground. 

The disadvantages are: first high potentials between line and 
ground due to series resonance; second, maintenance of a series of 
arcs under unfavorable conditions, that is, resonance and high loss, 
or large dissonance and either high or low loss; third, difficulty 
in obtaining selection of the faulty line by means of relay protection; 
fourth, reduced lightning protection due to the necessity of high 
settings on arresters; and fifth, increased system insulation due to 
the shifting of the neutral with abnormals or transients. 
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For the sake of simplicity, however, the single-phase 
system will be considered first. 

A single-phase transmission system is represented 
schematically in Fig. 1, involving a generator, G, 


Fic. 1—AppricaTion,or AN Earta Cor (#C) To a SINGLE- 
PHase Circuit 


Closing the switch"F is equivalent to an accidental ground on wire 2 and 
actually short-circuits its capacitance. 


a transformer, 7, a capacity between wires 1 and 2, 
C2, capacities between wire 1 and ground, and wire 2 
and ground, C, and C, respectively, and an earth coil 
EC. A fault on wire 2 to ground short-circuits the 
condensers C, and the system may then be represented 
as shown in Fig.§2. 
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This diagram (Fig.2) showsthat the charging current 
for the line capacity C:.. flows through the wires land 2 
as heretofore, but the charging current for the capacity 
C, flows through the earth coil EC, fault, and wire 1. 
The exciting current for the earth coil HC flows through 


wire 2, fault, and earth coil HC, forming with the 


OOdoHogNoCo OOOO, 3 


Fic. 2—Simpuirication or Fig 1 wHEen Wire 2 1s GROUNDED 

The voltage on the capacitance between wires 1 and 2 remains constant 
but the voltage between wire 1 and ground has risen from half to full line- 
to-line voltage. 


capacity C, a parallel resonant circuit adjusted for 
resonance at fundamental power frequency. In prac- 
tise, the currents through the earth coil and the capacity 


Fic. 3—CurRENT IN THE Barts Com (# C), CurRENT IN THE 
Capacitance Wire 1, anp THE ResuULTANT CURRENT OF THE 
Two (Jr) 


C, to ground are quite large but the two currents being 
almost in opposition as shown in Fig. 3, the resultant 
current, -which is the current through the fault, is 


EC Ch: 


Fic. 4—SimpPiiriep DiaGRam or Fig 2 


comparatively small, and is determined by the values 
of energy losses in the resonant system. 
The conditions of resonance of areactor and condenser 


Grounded side of 
Transformer T cx 


F EC C, 


Fic. 5—Apruication or THE Eartu Coin (EC) tro a TuRee- 
Prase Circuit, with WirE 2 GrouNDED 


in parallel are shown more clearly in Fig. 4 in which 
the earth coil is replaced by an equivalent reactor, 
taking the same current and connected across the lines. 

A three-phase star-connected system with earth 
coil is shown in Fig. 5. The operation of this system 
on the occurrence of a fault to ground is similar to the 
single phase system shown in Fig. 4 but in this case 
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the earth coil is to be resonated with the sum of the 
currents through the capacities C, and C;. 

The earth coil may be tuned with the line capacities 
to ground under actual operating conditions by in- 
serting an ammeter as shown in Fig. 2 and with one 
phase wire grounded adjusting the reactance of the 
coil for minimum current as shown in Fig. 6. 


Fault Current 


Earth Coil Reactance 


Fig. 6 


The lowest part of the curve of current occurs at the value of reactance 
which gives resonance with the capacitance in parallel. 


II. OPERATION 


Effects of Resonance and Energy Loss. The most 
favorable conditions for the proper functioning of 
the earth coil, that is, the suppression for arcing grounds 
are perfect resonance and low energy losses in the reso- 
nant system. Under these conditions, the voltage 
across the fault, which is the difference between the 
supply voltage and the voltage of the resonant system, 
builds up gradually to the normal voltage to ground. 
When the current through the fault is interrupted, 
due to there being insufficient current to support an 
are, the two voltages have magnitude and phase re- 
lations shown in Fig. 7. The voltage of the resonant 
system is then gradually reduced to zero by the dissi- 
pation of the energy losses and the voltage between 
the former faulty wire and the ground rises gradually 
to normal value. ; 

The chief advantages of the Petersen earth coil system 
are due to the two characteristics, of small fault current, 


1. Supply voltage. 

2. Resonant voltage. 

3. Voltage across the fault. 

When the current through the fault is interrupted the voltage across the 
fault gradually rises and reaches normal value after a few cycles, (See 
the dotted curve.) 


and the gradual rise to normal voltage on the lines 
after an arc has been extinguished. The earth coil 
avoids trouble from arcing grounds because it prevents 
the cumulative action of successive arcs and thus 
precludes the building up of high voltages, tending to 
cause serious disturbances. 


With perfect resonance, but high loss, the operation 
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is as described above, except that the fault current 
is very much larger and may be of sufficient magnitude 
to maintain an arc, thus preventing a realization of 
the advantages of.the earth coil. 

Effects of Dissonance and Energy Loss. The effect 
of dissonance with either high or low loss is to cause the 
resonant system to have a natural frequency other 
than that of the supply, consequently the voltage 
across the fault may rise to a value slightly less than 
twice the star voltage in a period of a few cycles, as 
shown in Fig. 8. This voltage may be even larger 
than that which occasioned the fault and, as a result, 


Fig 8—ConpliITIoNn oF DISSONANCE 


1. Supply voltage. 

2. Resonant voltage. 

3. Voltage across the fault. 

The voltage across the fault (dotted wave) is shown as rising above nor- 
mal voltage in the second cycle after the are ceases in the fault. 


a series of arcs may be maintained. System oscil- 
lations producing a succession of arcs may become 
cumulative in their effect and produce excessive volt- 
ages. The maintenance of such a succession of arcs, 
causes the transmission line as a whole to vibrate up 
and down in voltage and may lead to serious trouble. 

Both dissonance and energy loss increases the current 
through the fault and on this account an are may be 
maintained. If the arc is maintained the transmission 
wire or insulation will probably be damaged to such 
an extent as to put the line out of commission effectively. 

Voltage Between Sound Wires and Ground. When the 
equivalent of a non-arcing ground occurs on one wire, 
the voltage between the sound wires and ground will 
rise from Y voltage to line voltage above ground. 
But when there is a “make and break” through the 
accidental are the transient voltage may rise to slightly 
less than twice line voltage. This high voltage is the 
result of a redistribution of energy in the resonant 
system at the instant the fault occurs. 

Laboratory experiments made on an artificial line 
indicated that when a fault occurs, the sound wires 
will under extreme conditions, rise to 250 per cent 
or more of normal voltage. With the set-up of appa- 
ratus shown in Fig. 9 the application of a fault at the 
switch y produces the high voltages measured by the 
spark gap at the sphere gap x. In this respect, the 
earth coil system operates similarly to a free neutral 
system. 

Series Resonant System. The system may also be 
considered as a series resonant system as shown in 
Fig. 1 in which current flows through the earth coil, 
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E C, divides equally in the transformer T, and flows 
through the two line wires and through their respective 
capacities C, and C, to ground. Any voltage induced 
in series with the series resonant system will produce 
a current limited only by the losses of the system. 
The voltage which may appear between the neutral of 
the system and ground is determined by the impedance 
of the earth coil and the current flowing through it. 

Voltage may be induced in the series resonant 
circuit by some other transmission line, by lightning 
discharges, by mutual induction, by unsymmetrical 
impedance under load, unequal capacities from line 
to ground, or such abnormal conditions as a single- 
phase short circuit or an open circuit on one wire. 
The induced voltage may be only a small percentage 
of the star voltage, but if the resistance of the system 
is low, and if resonance occurs, the voltage between 
one wire and ground may be many times the star value. 

For this reason then, if the earth coil is used, special 
attention should be given to the transmission system 
to have it well transposed and balanced. 

Maintenance of Resonance. The condition necessary 
for the most. successful operation of the Petersen earth 
coil, that is, resonance and low energy loss, is difficult 
to obtain and maintain on a network composed of a 
variable number of feeders operating in parallel. For 
such cases adjustable reactors are required. Either 
a main earth coil may be provided with taps, so that 
the inductance may be adjusted for each change in 
line capacity, or an individual earth coil may be associ- 
ated with each feeder, these coils being cut in or out 
with the feeder. Such complication, requiring a 
grounded connection on every feeder, appears to be 
very undesirable, and such installations are contrary 
to usual American practise. 


E 3 
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Fig. 9—CoNNECTIONS OF AN ARTIFICIAL LINE TESTED IN THE 
LABORATORY 


When a fault was produced at the switch y the voltage across the sphere 
gap x rose to two and a half times the normal value. 


Lightning Protection. The installation of the earth 
coil necessitates a change in lightning arrester settings 
for the transmission system. With the grounded neu- 
tral system, the lightning arresters are set so as not 
to discharge for star voltage under wet weather con- 
ditions. With the earth coil in service, the protection 
must either be reduced by setting the arrester higher 
than line voltage or cutting the arrester out of. ser- 
vice when a transmission wire becomes grounded. 
Neither of these alternatives is desirable. On systems 
where lightning disturbances are infrequent,the operation 
of the earth coil, requiring an increase in the setting 
of the arrester, may not be very detrimental, but in 


80 CONWELL AND EVANS: THE PETERSEN EARTH COIL 


other regions the change in the lightning arrester set- 
ting would be very undesirable. If the earth coil were 
capable of satisfactory performance for various con- 
ditions, its operation would tend to relieve the arrester 
from interrupting the power arc which follows a light- 
ning discharge. 

The introduction of any impedance between the 
neutral point of a system and ground permits the 
neutral to rise to a voltage above ground during abnormal 
conditions. Hence the installation of the earth coil 
would impose greater voltage stresses on the trans- 
mission system under abnormal conditions, including 
lightning disturbances, than would be the case with 
a solidly grounded neutral. 

Relay Protection. The installation of the earth coil 
in the neutral of a transmission network protected by 
any modern relay system prevents the automatic iso- 
lation of a grounded feeder due to the small differ- 
ences in magnitudes and phase relations of the resultant 
currents flowing during the abnormal condition from 
those flowing under mormal conditions. Devices which 
give satisfactory indications showing the particular 
phase grounded are obtainable, but considerable diffi- 
culty will be experienced in determining immediately 
the particular feeder that is accidentally grounded. 

An impracticable method of locating the faulty feeder 
is by an increase in current brought about either by the 
introduction of sufficient dissonance or by the increase 
of energy loss to such a value that the fault current 
will be of sufficient magnitude to operate the relays 
selectively. Under these two conditions the fault cur- 
rent may support an arc and the principal advantage 
of the earth coil installation will be lost. 

As an alternative suggestion of a solution of the 
problem, it should be noted that the installation of a 
critical resistance at the neutral of a relatively small 
power system will also offer the same possibilities as 
a Petersen earth coil. The critical resistance at the 
neutral of a large system has the advantage of per- 
mitting sufficient value of current to obtain selective 
relay operation. 

If the fault persists for an appreciable length of time, 
another method of overcoming the disadvantage of 
the earth coil is the installation of a relay in series with 
the earth coil which causes a switch in shunt with the 
earth coil to close and thereby solidly grounds the 
neutral of the system. When the earth coil is shunted 
by the switch, sufficient current for selective relay 
operation is permitted to flow. This is really a com- 
bination of two systems, initially an earth coil system, 
changing over to a solidly grounded neutral system 
and, therefore, it has some of the advantages and 
disadvantages of both. With this arrangement, it is 
evident that, if an insulator flashes over and the arc 
persists, the system just described would punish 
the insulator more than would be the case if a 
solidly grounded neutral were employed. On the 
other hand, if the earth coil system interrupts the are 
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following an insulator flashover, it is evident that the 
particular insulator would not be punished as much. 
However the insulators on the other phases would be 
subjected to higher voltages with the use of the earth 
coil than would be the case with solidly grounded neutral. 

Effect on the Insulation of Systems. The Petersen 
earth coil system cannot be applied to transmission 
systems having transformers with graded insulation, 
due to the fact that when one line becomes grounded, 
the other lines rise to line potential above ground; 
nor to systems in which auto-transformers are used, 
due to the excessive voltages it would impress on low- 
voltage windings when a fault occurs in the high- 
tension side. Hence the adoption of the earth coil 
would materially increase the cost of the higher voltage 
transmission systems by preventing the possible ~ 
economy arising from the use of graded insulation on 
transformers and the use of auto-transformers with a 
solidly grounded neutral. 

The adoption of the earth coil system as compared to 
a grounded neutral system, would increase the voltage 
stresses which would be imposed upon transmission 
line insulators, on cable insulation, and on switching 
equipment. As a result, either the cost of line insu- 
lators and switching equipment would be increased or 
the factor of safety in insulation would be materially 
reduced. 

III. OPERATING TESTS 

Tests were made upon a 26,400-volt, three-phase, 
60-cycle network of five lines totalling 59.8 miles, to 
obtain information relative to the operation of the 
Petersen earth coil and to collect data indicating the 
suitability of such an installation for the suppression 
of arcing grounds. 

The charging currents of the systems were measured 
with various combination of lines as follows: 


Amperes 
Charging 
Lines in Service Current 
H-112, V-126, L-142, G-111, B-132 (All Lines).... tte? 
H=112. V=126, L-1A2) Bloor ee 10.5 
H-\12" V=126, 9, Gal Bato ee 10.6 
HA1T2 V=126 2-142 G=1id ee ee a 5.9 
v2) Ve126)7 L-142 "G20, B-1382 22s ele ae 10.0 
H-112, Del A2 G11, B=132:5 eens - 10. 
The Earth Coil of Variable Inductance. Approxi- 


mately a 1450-ohm reactance, rated at about 160 kv-a. 
was required for installation at the neutral of the sys- 
tem to resonate with the capacitance. This value 
was made up by connecting the high-tension side of a 
300-kv-a. transformer (ratio of 138,200/2,400 volts) 
between the neutral of an 11,500-kv-a. transmission 
transformer (ratio of 13,200/26,400 volts) and ground. 
Two 100-kv-a. distribution transformers (ratio of 
2400/240-480 volts) were connected to the low-tension 
side of the 300-kv-a. transformers, and on the low 
tension side of the two 100-kv-a. transformers a 
250-ampere, 5 per cent feeder reactance (1.525 ohm) 
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was connected. Adjustment of the correct reactance 
value was obtained both by changing the ratio of trans- 
formation and by tapping off only such portion of the 
reactance coil as needed. 

Tuning the Earth Coil and Dissonance. The earth 
coil was adjusted to resonate at 10.5 amperes, which 
is the charging current for the electrostatic capacity of 
four feeders of the network, consisting of the second 


Fie. 10—Fium 13 
the Earth coil is at resonant value. 
grounded at the instant shown in the oscillogram of sudden change of 


Reactance of Phase No. 1 is 


currents and voltage. The three records are as follows: The upper record 
(right scale) measured the current in the fault. This current is shown as a 
wide zero line until the ground is made on phase 1 when the deflection 
suddenly rises to a peak value of about 7 amperes. 

The middle record (middle scale) measure the current in the earth coil. 
This current has a peak value of nearly 1.5 amperes (the small thick lined 
wave) even under normal insulation of the three phases. This current is 
due to unbalanced conditions of the three phases. When phase 1 is 
grounded the current in the earth coil rises to a steady state value with an 
average peak of about 16 amperes. 

The lower record (left scale) measures the voltage of a non-grounded 
phase; that is, phase 3 to ground. When phase 1 is grounded, phase 3 
rises from y voltage to delta voltage. 


group of lines in the table above, viz.: H-112, V-126, 
L-142, and B-132. Line G-111 was out of service. 
Leaving the earth coil reactance constant and recon- 
necting G-111 (charging current 11.2 amperes) a con- 
dition of +7 per cent dissonance! was established. 
Next, disconnecting B-132 a condition of — 44 per cent 
dissonance was established. In addition to providing 
convenient operating conditions, these combinations 
of feeders provided a wide range for tests. Incidentally 
the weather was hot and dry at the time the earth 
coil was tuned. There had been no rain for several 
days and therefore the line leakage was small. 

The Petersen coil was adjusted for 60-cycle resonance 
under service conditions by measuring the current 
through a ground fault applied to No. 1 phase of Line 
H-112 and measuring the current through the coil. A 
number of progressive changes were made in order 
that the point of minimum current through the fault 


1. In this article the use of + a per cent dissonance indicates 
that the charging current was a per cent greater or less than 
that required for resonance. 
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indicating resonance, might be determined. The un- 
neutralized or residual current under this condition 
was 2.7 amperes with 11.9 amperes through the earth 
coil. 

The total energy loss in the system under dry weather 
conditions, determined by the decrement method, was 
about 30 kw. of which about 12 kw. occurred in the 
earth coil. The energy (not voltage) loss in the earth 
coil might be reduced somewhat for a permanent 
installation, by making up a specially wound coil, 
but the loss in the earth coil being the minor fact, 
the total loss could not be greatly reduced. The effect 
of wet weather conditions will be to increase the energy 
losses and this factor can not be controlled. 

Tests—Grounding and Ungrounding One Phase. In 
addition to other tests, oscillograms were taken to 
show the ability of the earth coil to suppress arcing 
grounds and to obtain data on the operation of the 
coil during the transient state. 

A fault was placed on phase No. 1 of feeder H-112 
at the station end, with various combinations of trans- 


“ Foult. 


i tii 


Fie. 11—Fiitm 15 


Reactance of earth coil is at resonant value. The ground on phase 1 
is removed at the instant shown in the oscillogram of sudden change of 
currents and voltage. ‘The three records are as follows: 

The upper record (right scale) measures the current in the earth coil. 
When the switch representing the fault is opened, the current drops from 
the continuous value it previously had to zero (shown by the wide horizontal 
line of the upper record). 

The middle record (middle scale) measures the current in the earth coil. 
When the switch representing the fault is opened the current in the earth 
coil does not drop immediately to zero value as in the case of the current 
in the fault. The current in the earth coil first rises a little and reduces 
gradually through three successive cycles to the small value of unbalanced 
current that is characteristic of the system. 

The lower record (left scale) measures the voltage between ground and 
a non-grounded phase. After the ground is removed from phase 1 this 
voltage gradually through three cycles reduces to less than y value and 
recovers in two cycles to y value. 


mission lines in service. ‘Tests were made with reso- 
nance and with +7 per cent and — 44 per cent 
dissonance. In each of these dissonance tests the 
shortening of the gap by closing a disconnecting switch 
caused a steady are discharge as the blade approached 
the jaw of the switch. On opening the switch there 
was no evidence of an are. These results indicated 
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that, for dry weather condition, considerable variation 
in the number of lines connected in service was per- 
missible without destroying the effectiveness of the 
earth coil to suppress the arc. 

The oscillograms, for example, film 18, indicated 
that there was a certain amount of dissymmetry in 
the three phases of the transmission system which 
caused current to flow in the circuit composed of the 
transmission lines and the capacity to ground, return- 
ing to the lines through the earth coil and the step-up 
transformers. The magnitude of this circulating cur- 
rent was determined by the change in magnitude of 
load current, but was, however, quite small—about 
one ampere. 

The voltages of the different phases to earth changed 
almost instantly with the application or removal of 
the fault. This result was to be expected as the change 
of voltages takes place as rapidly as the line capacity 
charges or discharges. 

At resonance, and during.the steady state condition, 
the current through the fault (film 15) appeared quite 
peaked, having a maximum value of 4.5 amperes. The 
corresponding maximum value of current through 
the earth coil was 17 amperes. On closing the fault, 
the current built up through the earth coil in from 3 to 
4 cycles. On opening the fault, the current through 
the fault dropped to zero immediately and the voltage 
between phase 3 and ground became stable in 4 to 5 
cycles. There was a noticeable overcharge during the 
transient which occurred on opening the fault as shown 
by the voltage, phase 3 to ground, in films 15 and 16. 

During the transient which occurred when the fault 
was closed with a condition of +7 per cent dissonance, 
the current through the fault reached a maximum 
value of 18 amperes, and the current through the earth 
coil, a maximum of 70 amperes. The transient lasted 
for about 4 cycles, during which the current through 
the fault reduced to a steady state maximum value of 
4.5 amperes and that through the earth coil to a maxi- 
mum value of 17 amperes. 

On closing the fault. with a condition of —44 per cent 
dissonance, the current through the fault reached a 
maximum value of about 45 amperes and through 
the earth coil a maximum of 100 amperes. After a 
transient lasting from 12 to 15 cycles, the current 
reduced to a steady state values of 7 amperes maxi- 
mum through the fault and 16 amperes maximum 
through the earth coil. 

These tests showed that for the steady state the cur- 
rent through the fault and the current through the 
earth coil approached the same steady value, and that 
the transient current on opening the fault lasted the 
same number of cycles. However, on making the 
fault, the character of the transient current depended 
upon the particular instant at which the switch was 
closed. During the transient conditions there appeared 
to be an even harmonic in the earth coil current. This 
effect of an even harmonic was probably due to the 
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unidirectional flow of energy, to re-establish balanced 
conditions, which caused the transformer to become 
saturated. Hence during the transient condition the 
peaking of the current wave during one half of the 
cycle and the flattening of the wave during the other 
half of the cycle were to be expected from the particular 
conditions that existed for this test. In addition, a 
path for the return of negative current from a local 
street railway was provided by the fault, the current 
flowing through the fault, the transmission wire, the 
transformer, and the earth coil to ground. This flow 


Hig. 12—Fitm 16 
Reactance of Earth coil adjusted to resonant value. 
ground on phase 1 is removed at the instant shown in the oscillogram of 


As before, the 


sudden change in the voltages. This oscillogram shows three voltages 
(no currents). The records are as follows: 

The upper record (right scale) is the voltage of phase 1 to ground. This 
voltage is shown as a wide zero line until the switch representing the fault 
is opened when it rises in four successive cycles to a value slightly greater 
than its normal y value oscillates to less than normal and then returns to 
normal. 

The middle record (middle scale) is the voltage across the earth coil, that 
is to say from neutral to ground. This voltage drops gradually in four 
successive cycles to the small constant value which is characteristic of the 
unbalanced system. 

The lower record is too dim to reproduce. It is the voltage of the non- 
grounded phase 3 to ground. In four successive cycles it gradually reduced 
from delta value to y value. . 


of direct current would also tend to saturate the trans- 
former and produce even harmonics. 

Tests were also made to determine the possibility 
of maintaining a continuous series of ares by moving 
the fault disconnecting switch back and forth within 
arcing distance. The test was made with +7 per 
cent dissonance, and with wet weather condition, the 
air being very moist and the transmission system hav- 
ing been thoroughly soaked by a heavy rain a few hours 
before the tests. 

Under the above conditions a power are was main- 
tained. The are was approximately two inches long 
and several inches broad, and was of a yellow color. 
The are was noisy and appeared to the eye to be fluc- 
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tuating, that is, forming a continual series of arcs. 
The effect of the arc was to cause the blade and jaw 
of the disconnecting switch to become slightly pitted 
at various points. 

An oscillogram of this arcing condition, film 25, 
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value of voltage between neutral and ground was 
about 1.3 times normal. 


There appeared to be a certain regularity as to the 


period at which the are was interrupted. This average 
value was from 1.8 to 2 cycles. 


To explain this uni- 
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Fig. 13—Fitm 25 


Earth coil not tuned to exact resonance. Dissonance plus 7 per cent. 
After a severe rain storm an arcing ground was established on phase 1. Again 
the upper record is the current at the fault, the middle record is the current 
in the earth coil, and the lower record the voltage to ground of a non- 
grounded phase. 

The oscillogram starts with the condition of metallic ground showing an 
alternating current wave to ground. This wave is ragged with harmonics 
(probably 3rd, 5th and 7th). When the switch representing the fault is 
creas to. an arcing position both the | current: in the are. to ground : and the 


current in the earth coil madc many sudden large changes in value. There 
is great irregularity due to the various instants in the cycle that the are 
is extinguished and again established. The current in the arcing ground 
shows now and then a gradual adjustment toward zero. This was described 
in the text. 

The current in the earth coil shows dangerously high values which carry 
the defiecteous far off the edge of the film. The most severe current rushes 
are too dim on the: photograph to reproduce (one of these large defiecteous 
is scratched in). 


4 formity of ise ‘re-establishment. of the are, the theory 


of beats caused by the fundamental frequency and the 


aximum et frequency of the oscillating system, has been 

ably put forth. 
nt was found to be from 6 to 7 per cent. 
“ was eps the two systems vibrated at the supply 


On this’ basis the estimated dissonance 
When the fault 
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frequency and the phase relation between these two 
systems was such as to cause negligible voltage across 
the disconnecting switch. When the fault was removed 
the two systems drifted apart causing the voltage across 
the disconnecting switch to reach a maximum value 
in about two cycles. The voltage caused by the 
oscillating system consisting of the earth coil and line 
capacities was gradually reduced to zero by the energy 
losses in this circuit. Hence, the most probable con- 
dition for the re-establishment of the arc occurred 
within a number of cycles corresponding to one half 
of the difference between the resonant frequency 
and the supply frequency. The resonant frequency 
obtained from the above considerations checked well 
with the increased line capacity. 

These tests showed a peculiar wave shape of the 
residual and of earth-coil currents. This current of 
the earth coil was shown as a heavy wide line, which 
curved at a relatively slow rate to the zero value. 
Apparently this curve was due to the snapping out 
of the arc at an instant when energy was left in either 
of two forms, namely, a direct charge stored in the system 
or electromagnetic energy stored in the current trans- 
former. This stored energy caused a current to 
flow until the energy was entirely converted into J? R 
loss. Hence, it appeared that the earth coil did not 
dissipate direct charges entirely, and therefore, did 
not operate in a way to remove completely the cause 
of arcing grounds. Reference to film 25 shows that 
the maximum current through the earth coil, and there- 
fore the maximum voltage between the neutral and 
ground was preceded by a series of arcs occurring at 
uniform intervals, indicating that the earth coil system 
under certain conditions permits system oscillations 
which are cumulative and produce voltages between 
neutral and ground which may reach excessive values. 

In connection with film 25, it should be = noted 
that with the exception of the weather, the conditions 
with only 7 per cent dissonance were favorable to the 
operation of the earth coil. There was no doubt 
but that the chances for obtaining an arcing ground 
would have been much greater if line B-132 had been 
cut out of service. The effect of the + 7 per cent 
dissonance was to increase the effective condenser 
capacity which probably was somewhat reduced in 
effect by leakage resistance. During the tests of the 
arcing condition, the lightning arresters were in service 
and discharged frequently. 


[V. COMPARISON OF METHODS OF GROUNDING 
NEUTRALS OF SYSTEMS 

Five methods of grounding the neutral are considered 
and an order of preference given for each from the 
view points of voltage stresses, current stresses, relay 
operation, continuity of service andeost. Thisarrange- 
ment is designed to give a clear conception of the status 
of the earth coil with respect to other methods of 
grounding and a comprehensive view of the relative 
advantages of the different methods. 
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It should be understood that a general comparison 
of this kind cannot be of a definiteand precise character. 
There are many factors which must be considered and 
sharp distinctions cannot be made in the analysis. 
All that is attempted here is to give a general idea 
based upon a broad classification of the important 
items that require consideration. 

For the purpose of this article, the five methods of 
grounding the neutral are defined as follows: 

v. Dead Ground. The neutral connected directly 
to the grounded earth plate without the instal- 
lation of reistance or reactance coils. 

w. Low Resistance Ground. A ground connection 
to the neutral having a resistor of the order of 
two to four ohms permanently installed be- 
tween the neutral and ground plate. 

x. Critical Resistance Ground. A ground connec- 

- tion arranged as in the preceding paragraph w, 
but of the critical value of resistance necessary 
to damp out the natural oscillation of the 
system. In general, this will be a high re- 
sistance compared to two to four ohms. 

y. Petersen Earth Coil. A ground connection to 
the neutral through a reactor, which takes 
the place of the resistor of the two previous 
paragraphs the reactor being tuned for reson- 
ance at fundamental system frequency with 
the capacity of the system to ground. 

z. Infinite Resistance from Neutral to Ground. This 
is the ungrounded or free neutral system. 


Order of Preference 


Effect on 
1 2 3 4 5 
A—Voltage Stresses 
(a) At normal frequency....| v W - Oxy; Zz 
(b)- Due to arcing grounds...| x, y Vv, Ww Z 
(c) Duetolightning....... al oS w,x ly,zZ 
B—Current: Stress). 0.4 ono ese wee Z x,y Ww Vv 
C—Relay Operation.........:....- Vv OW. ky az 
D—Continuity of Service.......... Vv w x Me | Z 
E—Cost 
(a) Insulation of power 
SYSbEIME . cos pe nee ae v w x,y Zz | 
(b) Grounding devices...... Z Vv x W i ey: 


A—Voltage Stresses. 

(a) At normal frequency the dead ground limits the 
voltage stress which may occur to a constant maxi- 
mum value of approximately 50 per cent of that which 
may occur in any other form of ground connection. 
With the low resistance ground, the voltage stress 
across transformers may be something less than line 
voltage. 

(b) Due to arcing grounds. From a technical stand- 
point the critical resistance and the earth coil under 
the favorable conditions assumed in the table of com- 
parison, seem to be the most desirable for the suppres- 
sion of arcing grounds. Under unfavorable conditions 
the earth coil does not deserve first choice because of 
the possibility of producing excessive voltages due to 
the cumulative effects of a series of arcs. However, 
experience shows that most any system of grounding 
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is found to be sufficient to reduce the troubles arising 
from arcing grounds. From a practical operating point 
of view, many companies prefer to ground the neutral 
solidly or dead and isolate the feeder on which the 
ground occurs. 

(c) Due to lightning. Three factors enter into the 
question of lightning protection. The installation of 
any impedance between the neutral of the system and 
ground tends to place additional voltage stresses on 
transformers and other apparatus. From this stand- 
point a dead grounded system is to be preferred and 
the earth coil and ungrounded system are the least 
to be desired. A second factor is the effect of the 
installation of a critical resistance which tends to 
damp out the natural oscillations. A third factor 
is the adjustment of lightning arresters. With the 
dead grounded system, the arrester may be adjusted 
approximately to star potential, whereas with the other 
methods, it is necessary to adjust for practically line 
potential. 

B—Current Stresses. 

The current stresses on apparatus due to currents 
flowing to ground through a fault are obviously zero 
with the ungrounded system and a maximum with the 
dead ground. With a grounding system permitting 
adequate relay protection, line to ground faults should 
not develop into line to line faults, hence the use of 
an impedance in the neutral would reduce the duty on 
breakers. 

C—Relay Operation. 

The reliability of relay operation is dependent upon 
the value and uniformity of the characteristics utilized 
to select the faulty lines. The dead ground is therefore 
to be preferred, as the variations in the resistance of 
the fault may limit the current flow to such values as 
to give incorrect relay operation if a resistance or other 
current limiting device is installed. 

D—Continuity of Service. 

In any power system the essentials necessary for 
the provision of continuous service are: first, the pre- 
vention or reduction of disturbances which may result 
in failure of apparatus, lines or equipment, and second, 
the isolation of apparatus, lines or equipment in the 
event of failure. 

Since the means of prevention or reduction of dis- 
turbances on power systems has not developed to the 
extent that relay protection has been developed, a 
majority of the power companies prefer to rely on the 
latter method. The dead ground is, therefore, to be 
preferred which permits the utilization of full current 
values for selective relay operation. From a purely 
operating standpoint, however, some difficulty is experi- 
enced in holding synchronous machines in step after 
a fault has been cleared on a dead grounded system. 
Consequently a low resistance is generally installed 
in the neutral. The introduction of any impedance in 
the neutral connection tends to limit the distortion of 
the voltage triangle in case of a ground on one wire 
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and thus to increase the probability of synchronous 
machines staying in step. 
EH—Cost. 

(a) Insulation. Theoretically, there will be a differ- 
ence in the cost of insulating a power system in favor 
of the dead ground. Advantage has not been taken 
of this fact, except for high-voltage systems; most 
power companies preferring to employ the additional 
factor of safety. 

(b) Grounding Devices. Of course the ungrounded 
system is the cheapest in this respect and the dead 
ground without the installation of limiting devices is 
the next preference, the installation of the earth coil 
being most undesirable, particularly if it is necessary 
to employ reactors associated with each feeder. 


V. CONCLUSIONS 


The advantages of the Petersen earth coil system are: 
First, the elimination of arcing grounds under favorable 
conditions; second, the reduction of insulator trouble; 
and third, small earth current when a fault occurs to 
ground. 

The disadvantages are: First, high potentials be- 
tween line and ground due to series resonance; second, 
maintenance of a series of arcs under unfavorable 
conditions, that is, resonance and high loss, or large 
dissonance and either high or low loss; third, difficulty 
in obtaining selection of the faulty line by means of 
relay protection; fourth, reduced lightning protection 
due to the necessity of high settings on arresters; and 
fifth, increased system insulation due to the shifting 
of the neutral with abnormals or transients. 

An analysis of the table giving an order of preference, 
results in the following arrangement of the different 
methods of grounding from the viewpoint of desirability: 
First, dead ground; second, low-resistance ground; 
and third, critical-resistance ground or the Petersen 
coil. The distinction however between dead ground 
and low-resistance ground is very slight and choice 
will be determined by local conditions. Either of 
these is generally preferable to the critical resistance 
or Petersen earth coil. An installation of an earth 
coil on a free neutral system would probably result in a 
reduction in interruptions to service. An installation 
of an earth coil on a dead grounded system would 
probably show no improvement in service and under 
most circumstances would introduce complications. 
In this connection, it is pointed out that reduction in 
interruptions are not significant, if made on the basis 
of a change from free neutral to earth coil, but merely 
prove that a grounded system is better than an un- 
grounded neutral system. 

Numerous technical difficulties with the earth coil 
have been pointed out and it is interesting to find that 
some of these points, such as high potential due to 
series resonance, have given rise to serious interruptions 
in some European installations. 
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Discussion 

W. W. Lewis: In the paper by Messrs. Conwell and Evans 
it is interesting to note that the only part which gives actual 
data. that is, Section 3, shows that the Pertersen coil functioned 
satisfactorily in the manner that it was intended to function, 
that is, as an are suppressor. The conditions under which 
the are was made were not those usually existing in practise. 
In the tests an are was made between switch blades with a 
comparatively small separation, say a couple of inches or so. 
Under these conditions the residual current even though small 
may be enough to maintain anare. In practise the are is usually 
over an insulator with 10 or 12 in. areing distance and considerable 
current is required to maintain such an are even without the 
neutral reactor. 

In the author’s comparison of methods of grounding neutrals 


of systems (page 147) they give for continuity of service first order - 


of performance to the grounded neutral system and fourth to 
the Petersen coil system. This seems to be a curious inversion 
of order. 
short circuit and an interruption in case of an are-over is placed 
first, and that system which puts out the are without interrup- 
tion is placed ne :t to last. 

It seems to the speaker that the authors have not made a 
good comparison between the system with Petersen coil and the 
isolated and grounded neutral systems. The Petersen coil 
system really stands between the two. As far as voltage stresses 
are concerned it is an improvement over the isolated neutral 
system but not as good as the grounded neutral system. As 
far as current stresses are concerned it is an improvement over 
the grounded neutral system, and probably also over the isolated 
neutral sytem in which an arc-over usually results in a short 
cireuit. It is applicable to moderate voltage systems in which 
the charging current is low, henee the ohmic reactance of the 
neutral coil high, so that the reactance of the transmission line 
itself has practically no effect on the neutral current. Under 
this condition it is comparatively easy to obtain a balance and 
the residual are current may be kept at a minimum no matter 
at what point on the line the are takes place. However. on 
high-voltage sytems or very long low-voltage systems, the charg- 
ing current is large, hence the ohmic reactance of the neutral 
coil low. The reactance of the transmission line on the other 
hand is high so that it is difficult to maintain a balance for ares 
at different points on the line and there may be enough residual 
eurrent to maintain the are. In no event, however, can the 
voltage strains be as severe as on an isolated neutral system. In 
view of these considerations the field of the reactor at the present 
time would seem to be limited to moderate voltage, moderate 
length systems. 

Some tests were made by the speaker on a 100-mile, 44,000- 
volt power system in the South equipped with a neutra! ground- 
ing reactor. The tests were made to approximate operating 
conditions as nearly as possible. The line was energized and 
from one conductor to ground was placed a cireuit consisting 
of an oil circuit breaker an insulator or horn gap, a current 
transformer and ground. Across the insulator was placed a 
one-ampere fuse. The oil circuit breakers was closed allowing 
the current to flow to ground, blowing the fuse and causing an 
are. The setting of the reactor could be changed by means of 
taps. All told about 50 are-overs were made with different 
settings of the reactor, different lengths of line, pin-type and 
suspension-type insulators and horn gaps, with the line earrying 
load and with the line unloaded. In all these tests the coil acted 
satisfactorily as an are suppressor even with, in the terms of 
the authors, as much as plus 60 per cent and minus 20 per cent 
dissonance. There was in the majority of cases a conspicuous 
absence of measurable overvoltages such as feared by the authors. 

C. L. Fortescue: The theory of the Petersen earth coil is 
presented in the simplest form when considered in terms of 


That system which is deliberately intended to cause a 
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symmetrical coordinates. Thus, for example, at the point at 
which ground océurs, the system has impressed on it: (1) The 
normal polyphase voltages which may be resolved into positive 
and negative phase sequence symmetrical components, and which: 
since their sum at any instant is always zero, can produce no 
ground current, and, therefore, will have no effect on the choke 
coil connecting the neutral to ground. 


(2) The zero phase sequence voltage tends to cause a flow 
of current through ground. These currents are of zero phase 
sequence, and have been termed by telephone engineers residual 
currents. Under the condition of ground, therefore, we shall 
have quite obviously a cireuit to this zero phase sequence com- 
ponent consisting of the joint capacity of all the wires to ground 
and the Petersen coil in multiple. 

Let us now consider the action of such a system when a ground 
takes place. Since the impedance of all the conductors in 
multiple is quite low, there will be an initial rush of charging 
current. During the period of adjustment, this charging current 
will set up high surge potentials in apparatus connected across 
the lines. After the steady condition is attained, the system 
consisting of the zero phase sequence line capacity and the 
Petersen coil will oscillate naturally at fundamental frequency. 

We have at the instant of zero current, the point of contact at 
ground potential, and the system oscillating at its natural period, 
at a zero phase sequence potential equal to the voltage from line 
to neutral. Therefore there will be no potential between the 
point at which the ground initiated, and earth and the are will 
not be re-established after the first cycle. 

Through the dissipation of energy in the system the line will 
gradually resume its nominal zero phase sequence potential, 
which, if there be no dissymmetry in the system, will be zero. 

So far the system appears to be ideal, but let us examine it 
still further: 


(a) The ground current is not the contact current, but will 
be very large, especially in large cable systems, where the ca- 
pacity of all the conductors to ground has a large value. The 
ground current is the capacity current when all the conductors 
are charged to a potential above ground equal to the Y voltage. 
The duration of this condition depends upon the closeness of 
the resonance, thus if there were no losses in the system during 
resonance, the time would be prolonged indefinitely. The 
interference or residual currents, are, therefore, not small and 
they extend through the system for its complete length. 


(b) Unbalanced impedance in the lines, will cause under 
load conditions a zero phase sequence e. m. f. in the system to 
which the Petersen earth coil and the line capacity form a reso- 
nant system. If the losses are low, there will be nothing to 
prevent a high potential being induced in the system. If a short 
circuit takes place between lines in which there is dissymmetry, 
the potential to which the system may be raised is very high. 

Breakdown of lines, of transformer, generators and motors 
will all produce high potential rises, and a fault, which, with a 
dead grounded neutral would be confined to a narrow scope, 
may be spread to other parts of the system. 

(c) In a large interconnected system, we would have the 
undesirable condition that a ground on one feeder would raise 
the potential of the whole system. This might result in danger- 
ous conditions for the users of power where their circuits are not 
grounded. 

(d) The transient condition at the installation of the short 
circuit may cause severe surges in connected inductive apparatus. 

(e) From the point of view of electrical apparatus in general, 
the system is undesirable. It is introducing an uneconomical 
system to take the place of a standard of power transmission 
and distribution, which has been established and is the result of 
a great deal of experience and careful thought. ; 

Tt should be borne in mind that in the long run, the system 
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that is most favorable to the power producer and user will also 
work out best for the telephone system. 

The dead grounded neutral system has become standard. 
This condition has not been reached by haphazard means, but 
it is the result of a long history of bitter experience with isolated 
systems. 

The speaker was among the first to recognize the advantages 
of the dead grounded neutral, and has lived to see the opinions 
of transmission engineers come around to this point of view as 
the result of actual experience in the field. We must guard 
against permitting the alleged advantages, in a narrow field, of 
such a device as this one under discussion taking hold of our 
imaginations. If it has applications in a certain field, let us 
define this field as closely as necessary to prevent misapplications 
of it, which may lead to serious trouble in the future. 

In considering the relations between the power and telephone 
interests, we should guard against concessions to the latter 
which will hold back the development of the power resources 
of this country. One of the essential requirements for further- 
ing the rapid development of power is a stable system of trans- 
mission and distribution. This can be obtained only with a 
dead grounded neutral system. The general recognition of 
this system as the standard will lead to standardization in line 
materials, insulation, transformers, ete., so as to produce better 
performance at the least cost. 

In considering the relative merits of the two cases in the con- 
troversy, we should keep in mind the ultimate investment, and 
the system which will make this the minimum will be best suited 
to our needs. 

H. M. Trueblood:: The authors speak of resonanting the 
earth coil with the sum of the currents through two of the line 
capacities to ground. One ordinarily thinks of resonance as a 
condition obtaining between two reactances, rather than between 
a reactance and a current. It would possibly lead to confusion, 
however, if the statement were taken to mean that the earth 
coil inductanee is to be resonated with the sum of the capacities 
to ground of the two non-grounded phases. The earth coil 
inductance should be resonant with the sum of the three ca- 
pacities to ground, that is, if with solidly grounded neutral, the 
three Y-connected legs of the transformer bank be energized 
with three equal fundamental frequency voltages, all in phase, 
the quadrature component of the neutral current should be equal 
in magnitude to the same component of the current taken by 
the reactor when energized by one of the same three voltages. 
This current component will, however, also be equal to the sum 
of the currents taken by two line capacities with the third phase 
grounded when the system with neutral isolated is energized 
three phase at the same star voltages as before, provided the 
voltages and capacities to ground are balanced. The reason 
is of course that in the latter case the reduction in total capacity 
to ground is exactly counter-balaneed by the higher voltages to 
which the two capacities are subjected, combined with the 
effect due to their phase displacement (60 deg.). If the neutral 
is grounded through a correctly tuned reactor, instead of iso- 
lated, the quadrature components of current (referred to the 
star voltage of the grounded phase) through the line capacities 
and through the reactor annul each other at the fault, so that, 
as stated in the paper, the minimum reading of an ammeter 
carrying the fault current indicates correctness of tuning. An 
ammeter located as shown in Fig. 5 would carry a charging eur- 
rent for wire-to-wire capacity as well as the fault current. 


This equality of the quadrature current taken by the reactor 
at star voltage to the sum of the currents taken by the capacity 
to ground of two phases, with the third grounded, is what 
constitutes the ‘“‘parallel resonance” of the system. As is ex- 
plained in the paper, it is this condition, which exists only when 
one phase is grounded, that operates to extinguish the are to 
ground, The “series resonance’? condition is equally funda- 
mental to the operation of the reactor. As is perhaps not quite 
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clearly explained in the paper, it is this condition which becomes 
operative to prevent the restriking of the are, after the condition 
of parallel resonance has brought about extinction of the are, and 
has thereby ceased to exist. It is because of this ‘‘series reso- 
nanece’’ that the current taken by the total direct capacity to 
ground at star voltage is equal to the quadrature reactor current 
at the same voltage, as previously pointed out. The transition 
from the ‘‘parallel’’ to the ‘‘series’” resonance condition takes 
place when the are goes out, and is accompanied by no appre- 
ciable transient due to fundamental frequency, if extinction 
occurs when the fundamental frequency current passes through 
zero. At this instant, the fundamental frequency charges and 
currents in the system have the proper values for both types 
of oscillation, except perhaps for slight deviations due to system 
losses. 

In their discussion of dissonance the authors might be under- 
stood as stating that the phase which had been grounded might 
within a few eycles be subjected to a voltage slightly less than 
twice the star value, with dissonance and with either high or low 
loss. Over-voltage due to dissonance will be more pronounced 
with low than with high loss. The resultant voltage shown in 
Fig. 8 ean hardly be described as slightly less than twice normal. 
It would seem to be rather less than 1.4 normal, and would 
evidently be greater if the damping were smaller. 

In referring to the trouble which may be produced by voltage 
vibration on a transmission line, the authors presumably do 
not mean that the effects would be worse than with isolated 
neutral under similar cireumstances. ; 

The experimental result showing that with a single-phase 
set-up a voltage to ground 250 per cent of normal, 7. e., 125 per 
cent of line voltage is obtained on the sound wire, checks quite 
well with some theoretical calculations I have made regarding this 
matter. It would be interesting to know whether similar tests 
with free neutral were made, and if so, what results were ob- 
tained. J have been unable to discover any theoretical reason 
for expecting greater over-voltage with the Petersen than with 
the free neutral system from transient effects rising from the 
redistribution of energy referred to in the paper. With the 
Petersen system, the principal transient term is nearly the same 
as with the free neutral system, and there is an additional non- 
oscillating term due to dissipation in the circuit consisting of 
coil and grounded transformer leg. This, however, is insigni- 
ficant compared to the other, so far as the voltage from a sound 
phase to ground is concerned. 

The authors state that with ‘“‘a ‘make and break’ through the 
accidental are, the transient voltage may rise to slightly less 
than twice line voltage.’”’ It is not quite clear just what is 
intended here, but if a single ‘‘make and break”’ is referred to it 
seems unlikely that the highest voltage of a sound phase to 
ground would exceed 125 to 150 per cent of line voltage. 


An oscillating system responds with large effect only to im- 
pressed forces of approximately its natural period. It is there- 
fore not easy to see why lightning is given as a possible source 
of resonant effect in the ‘‘series resonant”’ circuit. As to induet- 
ive effects due the action of currents belonging to the system 
itself, which I presume are what is referred to in mentioning 
“mutual induction,’ “unsymmetrical impedance under load” 
ete., I think these will be relatively small so long as the currents 
are confined to the line conductors and are not of excessive 
magnitudes, i.e., are not short-circuit currents. When the 
eurrents are confined to line conductors the inductive effects 
of interest in this connection arise from differences in the mutual 
inductances between line wires, and the distitibution of current 
among the latter is thus not a factor.of great importance. In 
some cases I have calculated, the effect from balanced and sym- 
metrical currents of about full-load magnitude is nearly the same 
as from a single-phase current of the same magnitude per wire. 
Neither was large. There is a further reason why the effects of 
such induction in the series resonant circuit is lessened. It is 
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that the induction does not take place direetly in this cireuit. 
The induced voltage is distributed linearly along the circuit. 
So is the capacity of the resonant circuit. The two are there- 
fore not directly in series. If the system consists of a single 
line, the effect of this factor alone is to reduce the current in 
the resonant eireuit by 50 per cent of what would be if the 
induction occurred directly in series. Furthermore, this current 
ean be reduced to an insignificant amount by transpositions. 
The effects of short cireuits cannot. of course, be entirely avoided 
by transpositions. In a single line system of considerable kv-a. 
capacity, it would seem that the neutral might be raised to a 
considerable fraction of star voltage above ground by a single- 
phase short cirenit, under circumstances favorable to the pro- 
duction of such an effect. In a multi-line radial system or in 
an interconnected network, the effect of a single-phase short 
circuit would be much smaller. 


Unbalance of line capacities probably produces the most im- 
portant effect of any non-accidental sources of induction. To 
keep their effect small it is necessary that the ratio of the vector 
sum of the three admittances to ground to their arithmetical 
sum be small compared to the ratio of the resistance of the coil 
to its reactance. This should usually be obtainable with only a 
modest amount of transposing. 

Induction from the-voltages of neighboring power circuits 
would not be in the series circuit except in the rather rare case 
of a practically complete parallel to all lines of the system on 
which the coil is installed. It should therefore usually be of 
relatively small effect, except possibly when the neighboring 
system is in trouble. 

It is difficult to verify the statement that “the induced voltage 
may be only a smal percentage of the star voltage, but if the 
resistance of the system is small, and if resonance occurs, the 
voltage between one wire and ground may be many times the 
star value.” Assume a ratio of 1/10 for the coil resistance 
to its reactance and assume also that the “small percentage” 
of the star voltage is not more than 10. The voltage thereby 
produced between wires and ground would be about one times 
star voltage. If it were exactly in phase with one of the line 
voltages to ground, the highest resultant line voltage to ground 
would be about twice star voltage. By reducing the eoil re- 
sistance-reactance ratio and increasing the “‘small pereentage’”’, 
this might be brought up to 3 times star voltage, but it would 
be hard to get it higher. Seven to eight per cent of star voltage 
in the series resonant circuit would be a liberal estimate for the 
voltage due to capacity unbalance, even if the line is not trans- 
posed at all. 


The authors describe an interesting series of tests and advance 
explanations of a number of effects that were observed. They 
have not, however, collected into a separate series of statements 
the conclusions which they draw from this experimental work, 
and it is diffieult to decide just what inferences one is expected 
to make. The discussion of film 25 on page 147, and also in 
the fine print under Fig. 13, seems to indicate that the authors 
believe that excessive or dangerous voltages between neutral 
and ground must have occurred, because of the large instan- 
taneous values of reactor current. On page 146, however, 
they state that ‘‘the magnitude of the current through the earth 
eoil indieated that the maximum value of voltage between neutral 
and ground. was about 1.3 times normal.” If this means 1.3 
times star voltage, it seems hardly larger than might be expected 
even without an arcing ground. I would like to ask whether 
the authors do not suppose that the excessive currents observed 
in the fault and in the earth coil, in the areing test and also in 
some of the other tests, are due to saturation in the transformers 
which were used in the connection from neutral to ground. 
Apparently the 13.2 kv. transformer was worked at some 20 
per cent above normal voltage, with one phase grounded. even 
under steady state conditions, and of course the exciting current 
would be considerably larger than normal with this exeess above 
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normal voltage. The figure given for reactor current in the 
test for adjustment of resonance appears to indicate some effect 
due to saturation. 

It seems to me that the drawing of conclusions of general 
applicability from these tests is very considerably complicated 
by the presence of a factor so difficult to evaluate as over-satu- 
ration of iron. Some of the other peculiar effects shown in film 
25 may be connected with it. Certainly it must be agreed that 
this film is rather difficult to follow. For instance, in the 
author’s discussion of the non-oscillatory shape occasionally 
present in the trace of one of the currents on this film, they are ~ 
apparently talking about the coil current, yet the oscillogram 
looks as though it were the fault current which has this charac- 
teristic. 

On page 145 the authors speak of a ‘‘noticeable overcharge 
during the transient which occurred on opening the fault as 
shown by the voltage, phase 3 to ground, in films 15 and 16.” 
The trace of this voltage is too dim to be seen on film 16 and is 
not present on film 15, unless the film is incorrectly labelled. 
Presumably the effect to which they refer is that which appears 
in the phase voltages on the two films, however. It is due, I 
believe. to inexactness of tuning. It may be seen that the 
frequency of the coil voltage in film 16 and the coil current in 
film 15 slows down as soon as the free oscillation begins. The. 
ratio of the frequency of this oscillation to that of the funda- 
mental appears to be about 8:9. If the tuning were exact, the 
reactor voltage in film 16 should be in the same or the opposite 
phase (depending on the polarity of vibrator connections) to 
the voltage on the phase from which the fault has been removed. 
The two appear to coincide at about the third maximum after 
the beginning of the free oscillation, and this apparently pro- 
duces the overvoltage on phase one. 


Livingston P. Ferris: I have given the Petersen earth 
coil some consideration from a different point of view from that 
of the authors and have had an opportunity to see several of the 
European installations. These I will describe very briefly and 
then outline some facts showing the effect of the device on 
induction in neighboring communication circuits. 

Rome Municipal Line—22 miles—Twin Circuits. Two 30,- 
000-volt, 3-phase 42-eyele, 7500-kv-a., star-connected generators 
are connected direct to line. The transformers at the Rome end 
are delta-delta. Thesystem was first operated isolated. Trouble 
developed with the insulation of generators at times of line 
faults. A Petersen coil was installed in the Castelle Modame 
Station in January 1920. A visit to this station was made in 
July 1920. The chief of the station was questioned at length 
and some test records were examined. He was convinced that 
the action of the Petersen coil had been beneficial. This is not 
a typical installation, but if its testimony ean be believed, it is 
against the presence of excessive over-voltages as otherwise 
no benefit would have resulted. This installation is decribed by 
Lombardi in L’ Ellectrotechnica, August and September, 1920. 


Alta Italia-Line—65 Miles: 42-47 kv., 3 phase, 21,000-kv-a. 
Two star-connected auto transformers make slight changes in 
voltage between generating station and receiving station in 
Turin. A Petersen coil is installed between neutral of the star- 
delta receiving transformers and ground. It had been in service 
114 years at the time I interviewed Ing. Palestrino and saw the 
eoil in October 1920. Previous to installation of coil, the neutral 
was isolated. Ing. Palestrino considered that the coil had been 
beneficial in reducing interruptions. A new coil of larger capac- 
ity was then under construction to replace the original. It was 
proposed to apply a Petersen coil to a 75-kv. circuit. The Alta 
Italia installation is described by Palestrion in L’ Ellectro- 
technica for July 5, 1920. 

A number of other installations exist in Italy where the system 
is being given serious study by a committee of the I. E. A., 
headed by Prof. Lombardi who has published a number of 
articles on its theory and application. It will be of interest to 
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know that Petersen, according to Lombardi, does not advoeate 
exact resonance, but rather that the coil should have 10 to 15 
per cent less reactance than the line. This was mentioned in 
connection with a discussion of unsymmetrical capacities and 
I suggested to Lombardi that the difficulty arising from such 
dissymmetry could be easily overcome by transposing the circuit. 
To illustrate how practical this is, the following figures are pre- 
sented, based on experiments on a 36-mile power circuit of ver- 
tical configuration (one of the most unbalanced types). Residual 
voltage, fundamental frequency, isolated neutral. untransposed 
line, 6.9 per cent of voltages between wires. After two trans- 
positions were installed on poles nearest third points, the residual 
voltage was too small to measure, but certainly less than 0.6 per 
eent. The residual voltage in this case is a measure of the 
eapacity unbalance. 

Swiss installation: One of the most extensive and interesting 
applications of the Petersen system is in Switzerland. Here it 
is applied with a number of coils to a very high-voltage cable 
and transmission line network. The coils in this case have air 
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cores whereas in all other eases they had iron cores. Here 
apparently the purpose is to reduce damage to cable at times of 
fault by limiting fault current to the relatively small loss eur- 
rent rather than full charging current to ground in ease of iso- 
lated systems or short-cireuit current in case of grounded system. 
Of course, with a cable one can seareely expect a fault to heal 
like some fiashovers on a line. A high-voltage cable network 
would be about the last place to apply a Petersen coil if there 
were danger of serious transient over-voltages. I refrain from 
speaking more specifically of this Swiss case as the engineers 
responsible have not yet published their views. I have reason 
to expect they will do so in the near future. 

No information which I have been able to obtain on any 
European installation would warrant the rather vaguely 
stated final conclusion of the paper. It would seem proper 
that the authors should submit more specific evidence in its 
support. 

Now as to the bearing of this device on inductive interference 
problems, a matter ignored by Petersen and all other Europeans 


COMPARISON OF DIFFERENT METHODS OF GROUNDING THE NEUTRAL 
From Standpoint of Residual* Voltages and Currents 


Under Normal Conditions 


Under abnormal conditions 


: 


ground on one phase : Harmonics not of Harmonics of 
Fundamental ; triple series triple series 
Method of } | 
grounding } Residual Residual Residual : Residual Residual Residual Residual voltage 
neutral i voltage current voltage current voltage current and current 

1 ; Max. May be large | May be large |__— Practically ; Practically 

Petersen Coil ; : E | if capacities | if capacities | sameas (2) same as (2) 
a5 — = IwCg | are unbalanced | are unbalanced | 
) V3E v3 | to ground. | to ground. | 104%— 5th 15%—3 rd 
ANG | at Coil _ Can be made | Can be made | 100 %—29th 1/2%—27th 
EI | Zero at other | unimportant if | unimportant if | 
end of line. | line is trans- | line is trans- | 
2 ) Max. | Larger than | Depends on! Much smaller 
Infinite Imped- log ) (3) or (4) but | unbalance of | than (3) 
ance (Isolated) on == lw Cg | smaller than (1) line capacities. | 
V¥3E Peal ss ) er ; Zero | Can be made} Zero at ends Zero 
| at fault, be | 3E | small as desired | of line. ; 
cl : tween 50% and Cg ] by transposi- | 
ne 100%, of max. | tions. j 
| for (1). i Relative mag- | 
| Zero at ends ) nitude 100%. | 
| of line. . 
3 Short circuit Zero except Smaller than Zero except Depends on Depends on 
Zero Impedance current, same | for dissymetry | (1) when due | for dissymetry unbalance of | transformer de- 
(Solid Ground) everywhere be- in transformer | to unbalanced | in transformer | line capacities | sign rating ex- 
E tween fault and | voltages. capacities. voltages and | and dissymme- | citation and line 
= neutral. With multiple | slight effect of | try in  trans- | constants. 
a¥) v3 ) Large com-_ grounds may be | capacity un- | former voltages. Relative mag- 
pared with (1) | | large. balance. ) nitude 100%. 
or (2). ; : 

4 V3E 24 Much smaller Same as (3) Approximates Approximates Smaller than 
Moderate —— SS | than (1) (2) or | orslightly smal- | (3) (3) (3) much larger 
Resistance Max. value ¥3Rm (5). ler. Much smaller Larger than | than (1). 

for low imped- Small com | than (1), (2) or | (1), (2) or (5). More effective 
“ ¥eRm ance fault. pared with (3). | (5). at higher fre 
quencies. 
in than Re gen- - | 3 
faulty “pea im- ¢ 
ice - 
5 B Larger than Smaller than Slightly lar- Lies between Smaller than 
Critical mits eas (3) or (4) but | (4). ger than (3) or | (3) and (2) de- | (4). Larger than 
Resistance V3E vy3Re usually smaller (4). pending on ex- | (1) at least at 
Usually smal- | than (1) or (2). Smaller than | tent of system. | higher frequen- 
© 3 Re ler than (4) (2). cies. 


* —YVector sum of voltages to ground or vector sum of line currents. 


E —wNormal voltage from wire to wire. 

C g—Total direct capacity to ground per mile of 3 wires in parallel. 
1 —Length of line in miles. : 

’ —Maximum length of line on one side of fault. — 


C r—Residual capacity =combination of 3 direct capacities in 120° relation. 
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and not mentioned by Messrs. Conwell and Evans. To appre- 
ciate this it is necessary to make comparisons with other systems 
of grounding or not grounding power circuits. To facilitate 
such, the foregoing table is presented. It compares the residual 
voltages and currents for different methods of grounding the 
neutral of a power circuit and for different conditions, normal 
and abnormal. As the balanced currents and voltages are 
inherently the same, irrespective of the condition of the neutral, 
they do not enter into our comparison of different systems. 
The possible inductive effects of corresponding factors of the 
several systems are, of course, directly proportional to the mag- 
nitudes of those factors in their respective systems. 

From the above table, it will be noted that the Petersen 
system will, under conditions of a ground, produce inductive 
effects from voltage unbalances of the same order of magnitude 
as those produced by an isolated system, and that these are 
approximately three times as great as would be produced by a 
system with neutral solidly grounded. Electric induction from 
this cause will affect neighboring open-wire telephone lines, but 
will have no effect on underground telephone circuits, and rela- 
tively little effect on telephone circuits in aerial cables, if the 
sheath is grounded. The magnetic induction from the residual 
current will obviously be very much greater in the ease of the 
grounded neutral system than in the case of a system grounded 
through the Petersen coil or isolated. The magnetic induction 
will furthermore affect underground as well as open-wire 
circuits. Theoretical studies and experience combine to indi- 
cate that the effects of induced voltages in case of a fault to 
ground, considering both electric and magnetic components, 
are more severe with the solidly grounded neutral than with the 
isolated system except perhaps in case of long exposures involy- 
ing very high-voltage power circuits. This is largely because 
of the greater transfer of energy by magnetic induction with the 
grounded neutral. From a theoretical study of the Petersen 
coil, it would be expected that the effects under abnormal con- 
ditions would be quite similar to those produced by isolated 
systems, except that the tendency to prevent the formation of 
arcing grounds would constitute a considerable advantage for 
the Petersen system, as the results of an arcing ground are 
proportionately as undesirable from the standpoint of neighbor- 
ing telephone cireuits as from the standpoint of the power system. 

Under normal load conditions, the principal effeet of the Peter- 
sen coil is practically to suppress the inductive effect of such 
triple harmonics as may arise from the transformers in a grounded 
neutral system, thus making it approximate the isolated system 
as regards the absence of induction from triple-harmonie resid- 
uals. So far as harmonic residuals not of the triple series are 
concerned, these remain practically the same with the Petersen 
coil as-with the isolated neutral, and are capable of reduction 
by the same method, namely power circuit transpositions. 

Detailed comparisons of inductive effects from residuals 
under abnormal and normal conditions and including systems 
employing a resistance in the neutral connection, may be based 
on the table. It should be remembered that under normal load 
conditions, the inductive effects of the balanced components 
must also be considered. Under abnormal conditions, the 
inductive effects of the balanced components are generally masked 
by the much larger effect of the abnormal residuals. 


Under abnormal conditions, the magnitude and phase of 
the residual current or unbalanced current to ground at all 
points in an isolated network or one grounded through a Petersen 
coil, may be very closely determined by considering all three 
phases in multiple and replacing the fault by a single-phase 
generator connected between the 3 multipled phases and ground, 
whose voltage is equal in magnitude but opposite in phase to 
the normal voltage of the grounded ¢onductor and whose internal 
impedance is equal to that of the fault. If we are interested 
in the actual currents in the several phases, these may be 
obtained by combining the unbalanced eurrents with the normal 
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load and charging currents. This method of analysis is very 
helpful on oceasions and leads to quick results. 

In discussing the effect of the Petersen coil on the selective 
action of relays, the authors point out a real difficulty but 
may we not hope that if the advantages of the Petersen coil 
are sufficient in other respects this difficulty may be overcome. 
The authors, themselves, suggests a means of avoiding this 
difficulty if not of overcoming it, by shunting the Petersen coil 
with an automatic switch which may either solidly ground the 
neutral or cut in any desired amount of resistance. The authors 
claim that such a combination system would punish an insulator 
more than would be the case if a solidly grounded neutral 
were employed. It is not apparent that there would be much 
difference or that it is of importance. I would suggest in this 
connection, that if instead of reverting to a solidly grounded 
neutral, a moderate resistance were cut in by the switch, not 
only the insulator in question would be spared from punishment 
but, also, neighboring communication circuits. For all those 
cases which the Petersen coil may clear without interruption, 
both the power circuit and neighboring communication cireuits 
are the gainers. It remains to be determined by experience 
whether cases of the latter kind will be a sufficiently large pro- 
portion of the total to warrant the use of a combination system. 

I wish to make it clear that I do not regard the Petersen eoil 
as a panacea for all inductive difficulties but merely that it is 
of sufficient importance to warrant a comprehensive, and pre- 
ferably cooperative, study from all points of view, to bring into 
light all the pertinent facts by which it must be judged. As 
yet, we have no experimental data bearing particularly upon 
inductive interference but, of course, data as to its effect on the 
power circuit give us a good guide as to what we may expect 
since the two are intimately related. Primarily and funda- 
mentally, the device must satisfy power circuit requirements. 
If this is done, we should then, in particular cases where induct- 
ive interference is involved, give due weight to its advantages or 
disadvantages from this and other standpoints along with those 
of all other systems in arriving at a decision as to which should 
be used. I think this is a basis upon which we may all agree. 


F. C. Hanker: Most of the comparisons made today have 
been made with the free neutral system. Such a basis of com- 
parison seems rather surprising when one considers the actual 
practise in power systems, the growth and inter-connection of 
systems. A number of years ago it was felt that the size of a 
transmission system or the extent of a net work would be limited 
on account of the effect of arcing grounds, a phenomenon in- 
cident to the operation of a free neutral system. Since that 
time, the tendency has been more and more toward the grounded 
neutral system and for that reason I believe that the basis of 
Comparison of power systems would be a grounded neutral 
system. 


The Petersen coil has certain advantages if it could be worked 
in with existing power systems and if it did not in any way limit 
the expansion of power service. With respect to continuity of 
service, which is really the criterion of best service, which would 
be of advantage to the power company and customer, our ex- 
perience has shown that the grounded neutral system has had a 
far better record than was the ease in the days of the free neutral 
system. This means that we must recognize the possibility of 
are ground disturbances when the characteristics of a free 
neutral system are approached. It also follows that we must 
devise and develop protective devices that will take care of such 
disturbances, and not put a handicap on power systems and 
limit their development. It has been stated a number of times 
that there are possibilities of protector breakdown and fire hazard 
and other difficulties as a result of magnetic induction. Ex- 
perience has not always borne out these possibilities. When 
power systems are compared the basis should be on what promises 
to be the best service conditions to the customer, taking into 
account future growth and interconnection of systems. __ 
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The study of the earth coil indicates that the application is 
limited. High-voltage transmission lines or extensive cable 
systems are not favorable for the application of the earth coil 
because of the high charging currents involved. The earth 
coil is not suitable for application on systems where graded insu- 
lation or auto-transformers are employed, because the neutral 
point cannot be solidly grounded. Complicated networks are 
not favorable for the application of the earth coil due to the 
difficulty of securing isolation of faulty feeders. The most 
suitable conditions for the application of the earth coil are on 
moderate voltage systems of rather limited extent, particularly 
those where duplicate transmission lines do not exist. It 
appears, therefore, that the earth coil is not suitable for general 
application on power systems. 

H. S. Warren (communicated after adjournment): The 
“Petersen earth coil,” so-called, has an important effect from 
the inductive interference standpoint. One of the most diffi- 
cult problems in inductive interference-prevention is that of 
avoiding the severe surges of high voltage induced in a telephone 
circuit when a fault develops on a paralleling power circuit. 
Such a situation will be clear from the following diagram. 
(Fig. 1). 


A cS B 
Power Service | 1 Power Distribution 
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The transformer at A supplying power to the transmission 
cireuit is shown with the neutral of its high-tension winding 
solidly grounded. Under conditions as shown, with normal 
load and the eireuit balanced, no current of fundamental fre- 
queney will flow through the neutral connection. When, how- 
ever, the insulation fails, as at C, grounding one phase wire 
through the fault either solidly or through an intermittent arc, 
the voltage of that phase is suddenly short-circuited through 
the grounded phase wire, fault, and earth back to the neutral, 
thereby causing a large current through the loop consisting of 
the faulty phase and earth. By electromagnetic induction 
this large current through the grounded loops sets up a large volt- 
age along the wires of the paralleling telephone circuit. These 
suddenly induced voltages produce various harmful effects, the 
most serious of which in recent experience is that of acoustic 
shock to telephone operators. 

Now as to the bearing of the Petersen earth coil on this matter. 
If the Petersen coil were used in the neutral ground connection, 
the current at such times of fault, through the fault and the 
earth loop, would be relatively small and thereby the severe 
electromagnetically induced surges avoided. It should perhaps 
be added that the foregoing has in view more particularly 
transmission lines of lower voltage, as compared with the highest 
voltage lines now in operation. : 

If the resistance were inserted in the neutral ground connec- 
tion the short-circuit current through the fault would be. of 
course, less than with a solidly grounded neutral. By making 
the resistance high enough the induced voltage can be made as 
small as desired. The method of high resistance in the neutral 
ground connection is therefore an alternative to the Petersen 
reactor as.a possible solution of this inductive interference 
problem. 

If the use of the Petersen earth coil proves feasible from the 
power standpoint, it will be of considerable benefit from the 
standpoint of telephone service where parallels exist. To a 
certain extent the interests of the two services are alike for if 
the Petersen coil were objectionable from the power standpoint 
by reason of causing large overvoltages which break down the 
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power line insulation, it would for the same reason be obyec- 
tionable from the standpoint of surges induced in neighboring 
telephone circuits. 

It is fundamental, of course, that the Petersen coil cannot 
be used under conditions where it is incompatible with the 
service requirements of the power company. It would be fruit- 
less to employ a preventive of interference to telephone service 
which would introduce interference to power service. However, 


_the possibilities of adapting the Petersen earth coil to practical 


conditions encountered in this country have not yet been fully 
studied and it is obvious from the remarks of several speakers 
that some power engineers. are more optimistic regarding the 
Petersen coil than the authors of the paper. If there is a lack 
of full understanding as to certain aspects of the functioning of 
this device and the effects and reactions which it produces under 
different conditions, the engineers interested should investigate 
these questions. 


A. E: Silver: From the results brought out in Messrs. 
Conwell and Evans’ paper, from the discussion offered and infor- 
mation from other sources, it is clear that the application and 
performance of the device is dependent upon several power 
systems characteristics, all subject to variation through a wide 
range for different systems and, for any specific system, each 
subject to variation, in a degree that cannot be predetermined, of 
such factors as total length of circuits interconnected, quality 
of line insulation changing with dust deposits and atmospheric 
conditions, and others that must be taken into account in adjust- 
ing the earth coil. The coil can function ideally, if at all, for 
only one assumed set of these conditions. Furthermore, the 
disadvantages that have been pointed out must be kept clearly 
in mind, especially the danger to apparatus insulation from 
rises in voltage to ground. Having learned, after much theorizing 
through the hard and costly school of experience, the value of the 
dead grounded neutral in protecting insulation and draining off 
abnormal potentials from our power systems, we must not com- 
promise this essential safeguard without sufficient and well 
weighed reasons. 

It would appear that no rule can, at this time, be set down of 
general practicability and benefit from this device. In the main 
any system under consideration must be taken up for individual 
study and determination as to successful performance, safety to 
apparatus and economy. Theoretical study alone, no matter 
how great, is inadequate and this determination cannot be made 
with assurance until sufficiently extensive experience with instal- 
lations under service conditions has been gained to give a good 
knowledge of the range of conditions under which the device 
will function successfully without sacrificing safety of apparatus 
or imposing other undue disadvantages. It may be found that 
the limits of beneficial application will embrace only small ranges. 

It therefore seems to me that operating results should be 
observed carefully and continuously for any installations of 
the earth coil now in service. While experience with additional 
installations is desirable it would, however, seem good engineer- 
ing judgment that any early installations be added only in those 
situations that appear to offer the most favorable conditions. 

Mr. Ferris in his discussion, has, very properly, touched upon 
the relation of this device to the problem of inductive inter- 
ference control, and presented some of the theoretical aspects 
concerned. In this regard, also, the earth coil seems susceptible 
of extensive theoretical deduction as to results, but I believe 
that most of the foregoing points raised concerning it as a power 
system protective’ device, and other similar considerations, are 
applicable here and that conclusions cannot be drawn as to prac- 
tical results, either beneficial or adverse, except from observa- 
tions of actual performance. 

To properly determine its effect upon telephone circuits, 
various telephone system characteristics as well as those of the 
power system, must be observed and given due weight. Under 
abnormal conditions in the power system, which I understand 
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is the situation offering opportunity for possible benefit from 
the coil, the practical need for it has a very intimate relation to 
the characteristics of the telephone protective devices. 

Any studies or tests to determine the value or need of the 
earth coil as an inductive interference control device should, as 
Mr. Ferris suggests, be made cooperatively and with all infor- 
mation bearing upon the subject taken to account. 

In this connection it seems pertinent to inquire the status of 
any relatively recent research work by the telephone companies 
upon their protectors that may bring improved characteristics, 
particularly as the arrester types with which engineers in general 
are familiar appear to have undergone no essential change for 
many years. 

R. D. Evans: Mr. Lewis has questioned the order of prefer- 
ence of the various methods of grounding the neutral of power 
systems when viewed from the standpoint of continuity of serv- 
ice. The essentials for providing for continuous service are: 

lst. Employment of measures for prevention or reduction 
of disturbances which may result in failure of apparatus lines 
on equipment. 

2nd. The prompt isolation of apparatus lines on equipment 
in case of failure. 

Relay protection for the isolation of faulty parts of the power 
system has developed to a much greater extent than means for 
the prevention or reduction of disturbances. Consequently, 
the dependence for continuity of service is rightly placed on 
adequate relay protection in connection with multiple lines. 
For this reason, preference is given to the grounded neutral 
system because it best insures desired relay operation. It is 
generally recognized that faulty part of a power system should 
be promptly isolated to prevent interference with continuity 
of service. The earth coil system does not permit adequate 
relay protection and, therefore, this system does not deserve 
better than fourth place in the order of preference, for the various 
methods of grounding from the standpoint of continuity of 
service. 

With reference to the question for the conditions of resonance 
mentioned by Mr. Trueblood, it is to be pointed out that this 
condition may be determined in two ways: 

Ist. By adjusting the reactor to obtain a minimum current 
through a fault on one wire as indicated for the single-phase 
system of Fig. 2 of the paper. 

2nd. With normal conditions on a power system to induce 
a voltage in series with a series resonance system and adjust a 
reactor for maximum eurrent through it. 

That these two methods of obtaining resonance are equivalent 
may be seen by the following analysis: 

If a voltage be induced in series with the reactor exactly equal 
to the voltage between one conductor and the ground, that 
conductor may be grounded without changing conditions. The 
introduction of a voltage on this system cannot affect the capaci- 
ties, and consequently, the two conditions for obtaining resonance 
deseribed above are identical. 


Under the conditions shown in Fig. 25, there was undoubtedly 
some effect of saturation of the iron in the transformer employed 
to connect the earth coil in the power system. Mr. Trueblood 
appears to believe that the maintenance of the arcing condition 
was due to saturation which produced dissonance, causing the 
large fault currents. It appears more logical to believe that 
the excess voltages were produced by the arcing condition and 
that the excess voltages were limited by the saturation of the 
transformer to approximately 1.3 times normal voltage. 

If the earth coil consisted of an air core reactor, higher voltages 
would be produced accompanied probably by relatively smaller 
fault currents. The use of the transformer in such a manner to 
reduce excess voltages has been advocated in Europe by those 
favoring the earth coil system. 

Mr. Trueblood’s careful reading of the paper has revealed 
two statements which we would like modified. In ease of a 
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single make and break, the voltage between the sound wire and 
ground may rise to slightly less than 2.73 times normal voltage 
between line and neutral instead of slightly less than twice line 
voltage. For the single-phase system the voltage of the sound 
conductor may rise to slightly less than three times normal 
voltage to ground. The context of Fig. 5 indicates that the 
diagram was drawn incorrectly. It should be as shown in the 
accompanying diagram, Fig. 2. 
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Mr. Trueblood in his .diseussion appears to minimize the 
importance of excess voltages arising from abnormal conditions. 
He states that exeess voltage between sound wire and ground 
will not exceed 125 per cent to 150 per cent of line voltage, these 
voltages correspond to 216 to 260 per cent of normal voltage 
between line wire and ground. Possibilities of excess voltages 
on the free neutral system were pointed out but the value of the 
dead grounded neutral in protecting insulation and draining 
away abnormal potentials was learned only through the costly 
school of experience, as Mr. Silver has just pointed out. The 
Petersen Earth Coil System in general approaches the charae- 
teristics of the free neutral system and both are subject to ab- 
normal voltages. In this connection, we wish to refer to a dis- 
cussion published in the E. T. %., March 10, 1921, in which Dr. 
Roth cited a ease where an open circuit on which wire of a 50,000- 
volt system produced voltages of 150,000 volts to ground due 
to the action of the- earth coil. He further stated that these 
voltages, as might be expected, caused the failure of the trans- 
former. The significance of this discussion lies in the fact that 
the series resonant relation is inherent in the earth coil system 
and that voltages may be induced in the system due to conditions 
such as the presence of other cireuits and abnormals which can 
seareely be avoided in practise. The tendency to minimize the 
importance of excess voltages would be as dangerous with the 
earth coil system as with the free neutral system. 


Mr. Ferris has described some European installations of the 
earth coil including the opinions of the operators of the 
power system. In this connection, it is to be pointed out 
that the improvement in operating conditions secured by the 
installation of an earth coil is not significant unless compared 
with the operation of a grounded neutral system. 

The inductive interference aspects of the earth coil system 
were considered by Conwell and myself during the preparation 
of the paper, and at that time, was deemed inadvisable to bring 
that phase of the subject before the Institute. The chief 
advantages of the earth coil from the standpoint of inductive 
interference are in comparison with the grounded neutral system. 
Two of the principle advantages are as follows: 

1. Reduction in harmonic residual currents in normal opera- 
tion, due to the high-value of earth coil reactance. 

2. Reduction of earth current in case of a fault. 

Two of the principle disadvantages of the earth coil system 
from the standpoint of interference are: 

1. The increase in fundamental frequency residual current, 
due to dissymmetry in line or load. 

2. Under abnormal conditions the increase in residual volt- 
age. 

This latter point is of particular importance on inter-connected 
systems because with the earth coil system there is no adequate 
system of relay protection for isolating a faulty feeder. It would 
be necessary, therefore, to “hand pick” the lines to isolate the 
faulty feeder, and during this time the large residual voltage 
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might produce noise interference. If such a condition arises 
the change from a grounded neutral to an earth coil system 
would change the type of interference trouble from that due to 
high induced voltage at fundamental frequency existing momen- 
tarily to that of noise interference lasting a much greater length 
of time. 

More important, however, than the considerations discussed 
above is the general question of the desirability of the earth coil 
from the standpoint of the power system. If the earth coil 
produees troubles similar to arcing grounds or produces excessive 
potentials, then failure of power apparatus will follow. Henee, 
the application of the earth coilas an interference remedial mea- 
sure is dependent, primarily, upon its satisfactory operation 
from the viewpoint of the power system. 

The most significant fact in connection with the discussion 
of the merits and limitations of the earth coil system is the fact 
that all the power men who have expressed themselves in the 
discussion are in agreement on the point that the Petersen Earth 
Coil System is not of general application. Mr. Lewis stated 
that the field of the reactor at the present time would seem to be 
limited to moderate voltage and moderate length systems. Mr. 


Hanker stated that it appears that the earth coil is not suitable — 


for general application on power systems, and that the most 
suitable condition for the application of the earth coil is on 
moderate voltage systems of rather limited extent. Mr. Warren 
has stated that the Petersen coil (as an interference measure) 
eannot be used under conditions where it is incompatible with 
the service requirements of the power company. 

R. N. Conwell: Realizing that the Petersen Earth Coil 
may be considered from two points of view, the authors pre- 
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ferred, in this paper, to consider the device only in the field which 
it was originally designed to fulfill, 7. e., as an are suppressing 
device, for the suitability of the device as a remedial measure 
in cases of inductive interference must depend upon its accept- 
ability and proper functioning as a suppressor. The tests were 
designed to show the suitability of the device both as an are 
suppressor and as a remedial device for interference to signal 
lines. The effect of the Petersen Earth Coil on adjacent signal 
lines, based on these tests, has been covered in the report of the 
Inductive Interference Committee, N. E. L. A. and presented 
at the Forty-fifth Convention, Atlantic City, N. J. May 15-19, 
1922. Asa result of the information obtained, both with regard 
to the operation of the coil on the power system and its effect on 
adjacent lines, it was decided that the device was not suitable 
for the purpose for which it was recommended. 

Mr. Ferris refers to an extensive installation of the Petersen 
system in Switzerland and states that ‘‘the coils in this case have 
air cores, whereas in all other cases they have iron cores.” I 
have been advised that some of the coils on this system also have 
iron cores, installed to limit the overpotentials as explained by 
Mr. Evans. 

Some difficulty has been experienced through over-potentials 
in those sections equipped with air core coils, which resulted 
ultimately, in the failure of transformers. 

It is noticable that all of the power engineers taking part in 
the discussion, emphasize the advantages of the solidly grounded 
system and since the Petersen Coil System approaches the 
ungrounded system in characteristics, the use of such a device 
appears to be a step backward. 


The Effects of Moisture on 


the Thermal Conductivity 


of Soils 


With a Bibliography on the Heating of Cables 
BY G. B. SHANKLIN 


Associate, A. I. E. E. 
General Electric Company, Schenectady, N. Y. 


It has been appreciated for many years that the presence of moisture in the soil surrounding underground cable 


was of assistance in dissipating the heat generated within the cable. 
exact changes in the thermal conductivity of soils caused by the presence of moisture. 
The relative thermal conductivity of various types of perfectly dry soils, such as 


moisture plays a predominant part. 


But little was definitely known, however, of the 
The following article shows that 


sand, clay, gravel, etc., covers a range from only one to two, while he addition of moisture increases the range to 


five times or more that of dry soils. 


The article also includes a bibliography on the heating of underground cables, giving reference to 59 papers on the 


subject in English, French and German. 


ITHIN recent years numerous ways have been 

\\\ suggested of working underground cables at in- 

creased load capacities. Some of the most 
promising methods have been: 

(a) To decrease the temperature coefficient of. di- 
electric energy loss by improving the quality of the 
insulation in high tension cables, thus allowing the 
cables to be safely worked at higher temperatures. 

(b) To use a blackened sheath, consequently obtain- 
ing a better surface radiation to the duct air. 

(ec) To use forced ventilation of the duct air. 

(d) To fill up the air space in ducts with water, com- 
pound, ete. In fact, anything that offers better heat 
conduction than still air. 

(e) To carry away the heat by circulating water 
either directly through the ducts or through piping laid 
in the empty spaces of the ducts. 

(f) To keep the surrounding soil thoroughly soaked 
with water, especially at hot spots, by laying porous 
tile piping just over the conduit. 

(g) To use very porous ducts in conjunction with a 
porous pipe through the center of conduit cross- 
section so that water would gradually seep through 
and in rapid evaporation to the surrounding dry soil 
carry away a large part of the heat. 

(h) To avoid all sources of external heat such as 
steam mains or undue absorption of sun rays. In 
this particular, the black surface of asphalt streets 
when fully exposed absorbs a great deal of heat from 
the sun. 

(i) Lastly, and most important of all, to study care- 
fully each individual conduit system and determine 
where the hot spots are and at what period of the year 
they need the closest watching. By*some one or a 
combination of the above methods the heating at 
hot spots can be brought down to correspond uniformly 
with the rest of the conduit length. 

The heat conducting path is a series path through 
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the cable insulation, duct air, duct walls, concrete 
shell (if any) and finally into the surrounding soil. 
Obviously, the relative temperature drops through the 
different sections of the series path will determine 
the effectiveness of the above cooling methods. For 
instance, if the greater part of the temperature drop 
occurred from copper to outer surface of duct walls, 
or concrete, there would be little gain in saturating 
the surrounding soil with water. Some other method 
would then have to be used, such as outlined in sub- 
heading (c) or (e). 

Fortunately, it is now fairly well established that 
in the average well constructed conduit line a very 
appreciable part of the total temperature drop, espe- 
cially at hot spots is in the surrounding soil. Anything 
that increases the thermal conductivity of this soil is 
therefore worth considering. It is the purpose of 
this article to describe some thermal conductivity tests 
made on soils containing different percentages of mois- 
ture and to compare the results with those of other 
investigators. ; 


Two previous investigators have published results 
of interest.! With dry sand and soils the agreement 
between their thermal conductivity values is good but 
there is a very great difference with wet sand and soils. 
Kennelly found that the thermal conductivity of wet 
sand was 2.4 times that of dry sand and that the ther- 
mal conductivity of wet sandy soil was only 1.3 times 
that of dry sandy soil. Teichmuller, on the other 
hand, found a corresponding ratio for sand of 5.2 to 1. 
Now, it is apparent that if Kennelly’s results are cor- 
rect artificial soaking of soil would not prove a very 
effective means of cooling. Tiechmuller’s results are 
much more encouraging. Our work was undertaken 
to determine why there was such a large discrepancy 
in their findings and, in particular, to make a closer 
study of moisture effects. 


1. ‘Heating of Copper Wires,’’ Kennelly and Shepard, A. 
I. E. E., Vol. 26, 1907, pp. 969-995. 

2. ‘Heating of Cables,’ Teichmuller and Human, £. T. Z., 
June, 1906, p. 579. 
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SUMMARY OF RESULTS 


Profiting by the experience of the above investi- 
gators we were able to design our apparatus and con- 
duct tests in a way that promised reasonably satis- 
factory returns. Before going into the detailsa summary 
will be given and a comparison made with the work 
of Kennelly and Teichmuller. 

Thermal Conductivity of Sand. We first made a 
laboratory study of a representative unsifted builders 
sand. It was neither coarse nor fine but of medium 
texture and all pebbles of appreciable size were removed. 
When well tamped the amount of moisture required to 
saturate it completely was more than 15 per cent by 
weight but the sand would not hold this moisture 
long enough for test purposes, allowing some of it to 
drip gradually out of the test cylinder. From 9 to 10 
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The curves represent the thermal conductivity of four samples of sand 
having respectively 9 per cent, 4.2 per cent, 1.6 per cent and 0.15 per cent 
of water by weight. The.unit of thermal conductivity is defined as the 
watts flow of heat per square cm. per one deg. cent. temperature drop per 
em. length. 


per cent moisture by weight seemed to be the highest 
practicable amount. Teichmuller also found this to 
be true but Kennelly gives test data with 12. 7 per cent 
moisture for a fine sifted quartz sand, mesh 0. 25 mm. 
The much finer texture of his sand no doubt held the 
moisture better than the coarser sand weused. The 
practical lesson learned from this is that sand of the 
ordinary kind surrounding conduit lines cannot be 
expected to hold more than 10 per cent moisture with- 
out draining due to gravity unless water is continuously 
supplied either naturally or artificially. 

After preliminary trials and checks of accuracy 
the curves given in Fig. 1 were taken on the builders 
sand described above. Each point on these curves 
represents a continuous run of about 24 hours. It 
required three months to complete the set of curves in 
Fig. 1 alone. The entire work extended over a period 
of more than one year. The water-jacketed cylinder 
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used in this work is illustrated in Fig. 2 and will 
dealt with in detail later. 


Fic. 2—Apparatus UseD IN DETERMINATION 
CONDUCTIVITY OF SOILS 


The near end of the tube is open for the removal of the soil sample. 
The felt, and the ring, which holds it in place over the end of the tube, are 
shown hanging on a bolt just under the brass tube. The wood plug 
which fits in the end of the tube is shown on the corner of the table beside 
the contact-making voltmeter. _Tests were made with tube in a vertical 
position. 
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Fic. 3—Comparison or THERMAL CONDUCTIVITY OF SAND AND 
Som as Mreasurep BY THREE DiFrFERENT INVESTIGATIONS 


(a) Clean yellow builders sand. (Author.) 
(6) Fine white quartz sand, mesh 0.25 mm. 
(c) Clean yellow sand. (Teichmuller.) 

(d) Curve (c) reconstructed. 

(e) Yellow sand clay soil. (Author.) 
(f) Fine sandy soil. (Kennelly.) 

(g) Normal or average sandy soil. 


(Kennelly.) 


(Teichmuller.) 


The values in Fig. 1 were averaged and plotted as 
a thermal conductivity vs. per cent moisture curve in 
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Fig. 3 (see curve “‘a’”’). Now let us compare this curve 
with similar curves for sand obtained by Kennelly 
and Teichmuller. Kennelly used a fine grain quartz 
sand sifted through a 0.25 mm. mesh. His curve is 
given as (b) in Fig. 8. It would be expected, as will 
be shown later, that this curve should show slightly 
lower thermal conductivity than (a) because of the 
finer grained sand. With low moisture content (from 
0 to 2 per cent) the agreement between (a) and (b) 
is reasonable but at higher percentage moisture the 
curves rapidly diverge. 

Teichmuller used an ordinary sand, presumably 
similar to ours. His curve is given as (c). The ther- 
mal conductivity values agree almost exactly with ours 
at extremely low and high moisture contents. His 
intermediate value of 4.2 per cent is much higher 
however, giving his curve a different shape. The fact 
thatthe disagreement in only with the intermediate 
percentage of moisture content is significant in the light 
of our experience. We had a great deal of trouble 
in obtaining reliable data over this intermediate range 
of moisture content. The moisture had a tendency to 
migrate in the test tube, accumulating at one section and 
leaving another dry. These unstable conditions caused 
inaccuracies that were overcome only after several 
trials and a close study of “cause and effect.” 

If the 4.2 per cent moisture point on Teichmuller’s 
curve (c) is ignored a curve can be constructed through 
the remaining two points that almost coincides with 
our curve (a). This reconstructed curve is shown in 
broken line as (d). 

Thermal Conductivity of Clay Soil. After the meas- 
urement on builders sand were completed we tried a 
well pulverized yellow clay sub-soil but soon found 
it had a tendency to dry and cake around the heated 
inner tube because of the high temperature gradient 
here. The clay would “bake out” and cake at tem- 
peratures as low as 50 deg. cent. with a considerable 
decrease in its thermal conductivity. This same 
characteristic has been noted in the clay surrounding 
duct lines that have operated at relatively high tem- 
perature. 

A mixture of 2/3 clay and 1/3 builders sand was then 
tried. This also had a tendency to cake in some 
instances but on the whole we were able to obtain some 
very satisfactory measurements. These are given in 
Fig. 4. The maximum percentage of moisture tried 
was 15 per cent by weight. The finely divided sandy 
soil seemed to hold moisture much better than the pure 
sand used in the first test, allowing this higher moisture 
content. The saturation point was higher than 18 
per cent. A lower percentage of water was used to be 
on the safe side and to avoid instability of results by 
leakage of water during test. 

The condition of the soil, the percentage and dis- 
tribution of moisture, ete. were noted before and after 
each run. During the runs with 0.89, 3.87 and 15.0 
per cent moisture all conditions remained quite stable 
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throughout, but the run with 8.5 per cent moisture 
was disappointing. The moisture migrated to the 
outer radius of the tube leaving a dry shell of soil 
surrounding the inner heated tube. This point was 
therefore ignored in drawing curve (e) in Fig. 3. As 
can be seen from the curve the migration of moisture 
had the effect of lowering the 8.5 per cent point of 
thermal conductivity from 0.0056 to 0.00335 watt 
flow of heat per square cm. per one deg. cent. tempera- 
ture drop per cm. length. (In brief, watts/cm.*?/one 
deg. cent). 

Kennelly’s curve for sandy soil is given as curve (f) 
in Fig. 3. It shows hardly any difference between dry 
and saturated soil and is likewise much lower in thermal 
conductivity than our curve (e). Curve (f) is similar 
in form to his curve for sand (b) and the relative pro- 
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The curves represent the thermal conductivity of four samples of soil 
having respectively 15 per cent, 8. 5 per cent, 3.87 per cent and 0.89 per 
cent of water by weight. The unit of thermal conductivity is defined as 
the watts flow of heat per square cm. per one deg. cent. temperature drop 
per cm. length. 


portions of these two curves fall in about the same order 
as our curves (a) and (e). 

Teichmuller published only one measurement on a 
soil which he designates as ‘‘normal” or “average” 
soil. It is presumably an average sandy clay soil such 
as usually found in trenching or excavating. His one 
measurement was made with 12 per cent moisture in 
the soil and using this as a guide we have drawn in a 
short section of curve (g) in Fig. 3 to show how closely it 
can be made to agree without corresponding curve (e). 

On the whole, our results and Teichmuller’s agree 
satisfactorily. We do not claim absolute accuracy for 
these results but when the conditions of test are care- 


‘fully considered it would seem that they are more 


accurate than Kennelly’s. All three investigators 
followed similar methods in that they made use of 
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concentric cylinders with the soil packed in between. 
The inner cylinder served as the source of heat and the 
outer was water-jacketed. End effects were corrected 
for in all cases. The real difference lay in the cross- 
sectional dimensions of the cylinders. These dimen- 
sions are tabulated below: 


TABLE I 
Length of Diam. outer Diam. inner 
outer tube tube cylinder 
Investigator Ft In In. 
Kennelly... ic Sats esas te 9.1 3.06 0.128 & 0.045 
MPelchranllere,. tact oc 5 12.5 7.90 2.05 
BATNTIION detec, teu aransbacais 7.0 6.00 1.00 


In an investigation of this type the cross-section of 
soil tested is relatively small and because of this the 
aim should be to assure; 

(1) That there is always good contact between the 
surfaces of the soil and test terminals and that the 
soil remains well packed. 

(2) That the moisture in the soil remains uniformly 
distributed, especially around the inner cylinder. 

(3) That the area of surface contact between soil 
and inner cylinder be a maximum, consistent with a 
reasonable volume of soil and diameter of outer cylinder. 

(4) That the ratio between the diameters of outer 
and inner cylinders be a minimum, consistent with 
above conditions, thereby reducing the temperature 
gradient around the inner cylinder. 

An examination of the dimensions in Table I will 
show that the test cylinders used by Teichmuller and 
the author fulfilled these conditions while Kennelly’s 
did not. As inner cylinder Kennelly used a wire of 
0.128-in. diameter. He checked this with a still 
smaller wire of 0.045-in. diameter and found that they 
gave the same results. The reason for this is easily 
explained. The high temperature gradient in the 
soil immediately surrounding the wires forced the mois- 
ture towards the outer cylinder, leaving a shell of dry 
soil around the wires. In both cases, then, he actually 
measured the thermal conductivity of an inner shell 
of dry soil and outer shell of moist soil, and since the 
inner shell plays the predominating part his measure- 
ments are more representative of dry soil than wet. 
His measurements on well dried sand and soils are 
more acceptable and agree quite well with those made 
by the other two investigators as shown in Table II. 


TABLE II 
Thermal Conductivity of Dry Sand, Soil, etc. 
Investigator 
Material Author Teichmuller Kennelly 

Clean yellow sand............ 0.00305 0.00310 45 
Clean white sand (fine)........ 2) ala 0.00256 
Yellow sandy soil............. 0.00280 ae 0.00284 
Fine sandy soil 37-2. clas ne 3 0.00209 
Crushed quartz (mesh 0.85 mm.) 0.00337 
Fine sandy gravel (mesh 0.5 

PUTIN) ca ous iach hve dla eae ae 0.00290 
ClGay SPA VEL sos. = Fe succes 0.00436 Fr 
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The above tabulation would indicate that the dry 
thermal conductivity is somewhat dependent upon the 
size, shape and arrangement of the particles making up 
the material, or rather upon the volume of air inter- 
spaced with the particles. Coarse grained materials 
such as sand and gravel have better thermal con- 
ductivity than fine grained soil, just the opposite result 
that one might expect, but it is a known fact that within 
certain limits the percentage by volume of air in granu- 
lar materials is inversely proportional to the size of 
the particles. We made no attempt to investigate this 
phase of the problem and it is pointed out simply as an 
interesting side light. 

A comparison of the above tabulation of dry soils 
with the moisture curves in Fig. 3 will show that 
moisture is the predominating factor rather than the 
kind of material. The thermal conductivity of the 
dry soils covers a range from 0.002 to 0.0047 watt per 
em.’ per one deg. cent., while the addition of moisture 
caused an increase to 0.017 and would have caused a 
still further increase if the test samples had been 
completely saturated. This would lead to the con- 
clusion that it is immaterial what kind of soil surrounds 
a conduit line except in-so-far as the ability of this 
soil to absorb and retain moisture is concerned. 

The investigation has proved conclusively that the 
presence of moisture in soils is very effective in con- 
ducting heat away from underground lines. Further 
study should be directed towards determining: 

(1) Those soils that are best adapted to absorption 
and retention of natural moisture. 

(2) Those soils that are best adapted to artificial 
means of moisture saturation. 


Part [I—Description and Details of Test 


The first part of this article covers in a general way 
the more important and useful results of the investiga- 
tion. In this second part the details will be dealt with. 

When the work was first started the results were 
very erratic. As an illustration, some preliminary 
measurements on builders sand are plotted in Fig. 5. 
The temperature was raised and lowered in steps, as 
indicated by the arrows. In this way one or more 
“heat cyles’’ were completed and if the measurements 
and test conditions had been accurate and stable the 
“heat cycles’ would have been narrow and uniform, 
similar in appearance to those in Figs. land 4. Instead 
the measurements plot in a haphazard manner, especi- 
ally those on very moist sand. By a process of elimina- 
tion this erratic behavior was found to be due to: 

(a) The high temperature to which the inner tube 
was heated, which caused the moisture to vaporize 
and then condense against the cold wall of the outer 
cylinder. A temperature of the inner tube of about 
80 deg. cent. seemed to be the highest for accurate 
results. 

(b) During the preliminary work we had no means 
of constant current control of heating element. Even 
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small fluctuations of current caused appreciable errors. 

(c) The outer and inner cylinders were not con- 
nected together, electrically and grounded, at one end. 
Consequently when the sand was moist it furnished a 
resistance parallel to the inner tube and in attempting 
to measure the resistance of inner tube for determina- 
tion of temperature an error was introduced. 

(d) The inner tube used in preliminary work was of 
brass. The temperature coefficient of brass is smaller 
than that of copper and change in resistance, even 
when carefully measured with potentiometer, would not 
accurately indicate small changes in temperature. 
This trouble was eliminated by substituting a copper 
tube. 
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Fig. 5—PrRELIMINARY M@rASUREMENTS ON BuILpERS SAND 


Showing the erratic results due to errors in testing methods. 
indicate the order of the respective readings. 


The arrows 


The test equipment as finally developed is illustrated 
in Fig. 2. A dimensional sketch and a wiring diagram 
are shown in Figs. 6 and 7. A contact-making volt- 
meter held the heating current very steady. The cool- 
ing water for the jacket was taken from the city. pipes 
and proved to be of very constant temperature (about 
15 deg. cent.). 

The resistance of the inner copper tube was carefully 
calibrated in an oil bath at different temperatures and 
the temperature drop across the soil under test was 
determined by subtracting the temperature of the inner 
tube, as measured by resistance, from the temperature 
of outer tube, measured by thermometers immersed 
in the water bath. 

The general procedure was to place the concentric 
cylinders in a vertical position and fill the interstice with 
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properly prepared soil, packing it down firmly during 
filling with a concentric disk spacer. In this way the 
inner cylinder was accurately centered. The cylinders 
were left in a vertical position throughout the heat run 
as we found this gave more satisfactory results. There 
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Fic. 6—DIMENSIONAL SKETCH OF Test TUBE 


was not only a better circulation of the cooling water 
but also the moisture in the soil would remain more 
uniformly distributed around the inner cylinder. 

It required on an average about four hours to reach 
constant temperature conditions but for convenience 
and also to be on the safe side we usually let the run 
continue over night, taking all measurements the next 
morning. 

Credit and appreciation are freely given to Dr. C. P. 
Steinmetz and Mr. J. L. R. Hayden for their valuable 
advice and aid in this work, and to Mr. D. A. Ballard 
for his untiring assistance. 
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Appendix 
HEATING IN UNDERGROUND CABLES 


The foregoing laboratory work on the thermal con- 
ductivity of soils was completed a year and a half ago. 


_——_— 
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The results were not published at that time but were 
made available to engineering committees and operating 
companies actively engaged in a study of heating in 
underground cables. Publication at the present time 
is prompted by the Preliminary Report of the British 
Electrical Research Association on ““The Heating of 
Buried Cables,’ which appeared in the Journal of 
the I. E. E., February, 1921. Recognition was made 
in this admirable and extensive report of the influence 
of moisture in the soil surrounding buried cables. No 
substantiating data, however, were submitted and it 
is felt that the present article contributes something 
in that respect. 

Heating in underground cables has received a great 
deal of theoretical and practical consideration in the 
past and many articles have been published on the 
subject. During the course of our work a thorough 
canvass of the literature was made and a bibliography 
prepared containing reference to articles that throw 
light on the problem. The bibliography is given 
with the present paper in the hope that it may prove 
useful to other engineers. 

Although this bibliography covers a great amount of 
work it is surprising how little progress has actually 
been made in placing the theory and practise of heating 
in cables on a practical working basis. In the writer’s 
opinion this is due to a lack of coordinated and syste- 
matic effort. The problem is big and requires a really 
tremendous amount of coordinated work to place it 
beyond the preliminary stage in which it isnow. The 
work undertaken by the British Research Association 
is a step in the right direction and should be supported 
by similar work in other countries. 
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Five Hundred Tests on the Dielectric Strength of Oil 


BY J. L. R. HAYDEN and W. N. EDDY 
Member, A. I. E. E. 
Both of the General Electric Company, Schenectady, N. Y. 


While developing a dependable method of taking experimental data with a sphere gap in transil oil, considerable 
study was made of the behavior of oil under disruptive dielectric stress. The following notes on the dielectric strength 
of oil are offered as evidence that the nature and character of the dielectric breakdown of oil may be entirely different from 
that of air. 

Five hundred successive breakdowns were taken on a sphere-gap in oil at the same gap setting. Because of the 
well known inconsistency of breakdowns in oil these observations showed wide variation. A curve was plotted to show 
the relation between the breakdown voltage and the number of breakdowns at each voltage. If the disruptive breakdown 
of oil is due to the voltage exceeding the dielectric strength of the oil, as is the case with air, it should be possible to repre- 
sent such a curve of probable error, or ‘‘probability curve”’ as it is usually called, by an exponential equation. In the 
following paper this is seen to be impossible, the most representative exponential curve being higher than the observa- 
tions at higher voltages. The explanation is offered that this discrepancy is caused by foreign particles of low dielectric 
strength being drawn into the gap and that therefore the dielectric strength of oil differs from that of air in that it does 
not represent the true breakdown value of the oil but is instead a measure of the presence of foreign particles in the oil. 


IR gives a definite dielectric strength (80 kv. per 
A em. at 0 deg. cent., 76 cm. barometer), as shown 
by the work of Peek, Ryan and Whitehead, 
and disruptive tests in air gap give consistant results 
within the errors of observation. Not so, however, 
oil. In spite of the greatest care taken to reproduce 
identical conditions as nearly as possible, successive 
disruptive tests made on the same oil differ from each 
other far beyond the possible errors of observation. 

To study this phenomenon of the erratic behavior 
of oil, and its possible cause and explanation, 500 
successive tests were made with the same sample of 
oil under constant conditions. A large sample of 
oil was chosen, the circuit opened immediately after 
each discharge, and the discharge current limited by 
resistance in the low-tension circuit, so as to give little 
deterioration of the oil (by carbonization, etc.) during 
the test, and the deterioration allowed for, as further 
described. In commercial testing of oil, usually small 
flat disks with sharp edges are used as electrodes, to 
give a combination of the effect of a uniform field and 
the edge effect. When, however, determining the 
dielectric strength of a material, as nearly a uniform 
field as possible must be used, and a field which can 
be accurately calculated. This is the case with the 
field between spheres at moderate distance from each 
other. Therefore a sphere gap was used. In view of 
the high dielectric strength of oil, and to avoid excessive 
voltage a gap of two mm. was used between spheres of 
one em. diameter. The spheres were of molybdenum, 
as experience had shown that tungsten and molybdenum 
are least liable to pitting under the discharge. After 
each test the spheres were wiped off in the same manner, 
under the oil, by a wiper kept under the oil and the oil 
allowed to settle the same length of time before each 
test. The oil was filtered hot through a number of 
layers of hot and dry filter paper, and carefully protected 
from dust and moisture. The same source of voltage 
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supply, 60-cycle alternating current, and the same 
transformers were used, and the voltage controlled by 
the potentiometer method (shunt and series resistance), 
being the method least liable to give voltage wave 
distortion. The voltage was raised at the same con- 
stant rate in all tests, one volt per second on the low- 
voltage side of the transformers, at a transformation 
ratio of 580; in short, the conditions were kept as nearly 
the same as could be determined, and much more 
uniform than is necessary to get consistent results in 
air. The voltage was read on the low-tension side of 
the tranformers, as this checked to be accurate within 
less than one per cent. 

Nevertheless, the observed breakdown voltages in 
the successive tests differed enormously, and in entirely 
erratic manner, by as much as a hundred per cent. 

In spite of the large volume of oil used, there was 
a slight deterioration which became noticeable after 
more than 200 tests. Therefore the tests were divided 
into five successive groups of one hundred each, and 
the average value calculated for each hundred. This 
gave the average breakdown voltages (low-tension side, 
ratio 580 to 1) for the successive five sets of hundred 
tests, 

& = 95,.96, 91, 89, 86 
showing a slight and increasing deterioration. 

To allow for this, in working up the tests, not the 
voltage e of each individual test was used, but its dif- 
ference from the average voltage of the hundred tests 
to which it belonged, that is x = e— @. 

Using these differences « = e— @, the effect of 
deterioration was sufficiently eliminated, and all 500 
readings could be combined. The number of break- 
downs y observed at each voltage difference x is given 
in the second column of the following table, and plotted 
as y in Fig. 1, marked by circles, with « as abscissas. 

As seen, the values of y do not lie on a smooth curve, 
but vary erratically, but their grouping is similar to 
that which would be expected from a set of values 
scattering by probability around an average value. 
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TABLE I 

x= vy: ie B= y: coo y: z= Uy: 
€ — @0 e — e € — €0 e€ — 0 
— 31 0 
— 30 2 —17 1 —A4 14 + 9 20 
— 29. 0 —16 2 — 3 19 +10 16 
= 28 2 — 15 0 — 2 19 + 11 10 
— 27 0 —14 5 -1 20 +12 14 
— 26 0 — 13 11 10) 32 +13 10 
— 25 1 — 12 10 apa! 14 +14 9 
— 24 1 —11 rf +2 17 + 15 6 
— 23 3 — 10 14 +3 30 +16 2 
— 22 1 -— 9 11 +4 25 +17 2 
— 21 1 — 8 8 ae ls 23 + 18 1 
— 20 4 — 7 14 +6 18 — 19 0 
—19 2 — 6 23 +7 23 + 20 2 
—18 2 — 5 9 +8 20 + 21 0 


A number of probability curves were calculated by 
the >A method', in the attempt to fit the relation 
between x and y. 

It was found that all the data could not be repre- 
sented by one probability curve, but the probability 
curve calculated from the positive x values—that is, 
the voltage e above the average e,—did not fit the 
negative x values, and inversely. 

However, the y values from x = + 9tox = — 22, 
comprising 84 per cent of the observations, can be well 
represented by the probability curve 

y= 24.8 € 00051 (x-8)? 

This probability curve is shown in Fig. 1. It fits 
the observations fairly well, except that for high values 
of voltage, the observations drop below the probability 
curve, the more so the higher the voltage; that is, the 
breakdown occurs at lower voltage than given by the 
probability curve. At very low voltages, the obser- 
vation seem to be higher than the probability curve, 
but in this range their number is too small to be con- 
clusive. 

The explanation which suggests itself is as follows: 

The disruptive breakdown of oil under dielectric 
stress is not due to the voltage exceeding the dielectric 
strength of oil, as is the case in air, but is due to some- 
thing being carried into the dielectric field, or being 
produced in the dielectric field, which weakens the 
dielectric strength so as to cause a premature break- 
down. The breakdown therefore does not occur at 
a definite value of voltage, as is the case with air, 
but at values scattered over a wide range of voltages 
in accordance with the probability curve of the appear- 
ance of such dielectrically weaker material in the field. 
What this material is, we do not know; it may be 
moisture, or dissociation products of the oil, or olefines 
or fats or fatty acids, or dust or fibers, or combina- 
tions of them, in solution or collodial solution or sus- 
pension in the oil. 


On the higher-voltage part of the probability curve, . 


the approach to the true dielectric strength of oil 
increases the frequency of breakdown beyond the 
probability curve, and thus causes the observations 
to drop below the probability curve. This also causes 
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the maximum point of the probability curve to be ata 
higher voltage than the average breakdown voltage. 
This opens up a very interesting, and in view of the 
great industrial importance of oil as insulating material, 
important field for further investigation. Hitherto, 
usually the assumption has been made that the dielec- 
tric breakdown of oil and other similar insulations is 
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Wig. 1—Propasitiry Curve or Diertecrric BREAKDOWN 
or TRANSIL OIL AND THE PLoTrep VALUES OF THE OBSERVED 


TrsTs. 


The ordinates (y) are the number of punctures that have been found, by 
observation, to take place at each value of the abscissas. 

The abscissas are the difference between the particular average value 
and the actual value of puncture voltage for each test. The numerical 
values are given in low-tension volts. The actual voltage difference 
may be found by multiplying the particular abscissa by the transformer 
ratio, 580 to 1. Thus the maximum difference from the average break- 
down (say 55,000 volts = 95 X 580) is minus 31 volts which is actually 
18,000 volts less than the average puncture value of 55,000 volts. 

On the other side of zero, the highest puncture voltage above the average 
is 21 which corresponds to 12,200 volts = 21 * 580. It should be noted 
that all the observations in this neighborhood fall far below the solid line, 
which is the mathematical probability curve given by the particular formula 

y = 24.8 €-0.0051(x-3)? 


This equation, by several trials, was found to be the nearest obtainable 
representation of all the values given by the tests and shown by the circles. 


of the same nature and character as that of air, that is, 
it depends upon a definite breakdown value, though 
the experimental behavior of oil in the dielectric field, 
such as its erratic breakdown voltage, the very pro- 
nounced time lag, ete., point to the possibility that 
the mechanism of the dielectric breakdown of oil and 
similar materials is materially different from that of 
air. 


Discussion 


C. E. Skinner: I have been familiar with the dielectric 
tests of oil for a good many years, and have personally made 
many thousand of tests, and have been familiar with many thou- 
sands of others, but I do not think I have ever had the idea that 
oil could be compared to air for uniformity as an insulating medium. 

Oil has a very complicated chemical structure—it carries in 
it many impurities, and I have frequently observed the lining 
up of small impurities in the oil, such as fibers, ete., and have 
frequently noticed that if the potential is applied for a consider- 
able period at a value somewhat below the instantaneous 
breakdown, breakdown will finally oceur. 

Relatively high values for a group of tests insures good oil, 
but low values may indicate accidental troubles with the test 
and not necessarily poor oil unless every possible precaution 
has been taken. It is for this reason that we have established 
an oil testing service with experts in charge. 

A few years ago, we in the more or less fundamental study of 
insulation, wished to get some material which would be as 
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nearly constant as possible. and we undertook, as did Mr. Hayden 
and Mr. Eddy, to use oil. We found that only with the most 
extraordinary precautions could we get anything approaching 
uniformity of results, such as to allow the use of oil as a standard. 

In the commercial use of oil, we must expect a considerable 
variation in insulating value. and designs for its use must 
be so made that the average, or even the lower values, are those 
which are depended on, and used under extreme conditions and 
not those high values which can be obtained only with extra- 
ordinary precautions. 

A. B. Hendricks, Jr.: It requires about 500 tests to prove 
anything regarding the dielectric strength of oil. The results 
of the present investigation are more erratic than usual, con- 
sidering the care taken to obtain uniformity, but this may be 
explained by the form and small size of the spark gap used. 

The maximum stress with a sphere gap is along the axis. 
hence is confined to a line, as contrasted with the large area of 
uniform stress between disks. This leads to a selective action 
instead of an averaging effect. 

If the entire cylindrical volume of oil between the electrodes 
is considered as under stress, both volume and eross-section are 
much less than in the usual form of disk gap (about 1/7). 

The authors state, “Usually the assumption has been made 
that the dielectric breakdown of oil is of the 
same nature and character as that of air.” If so, the assump- 
tion was in error, as the ordinary factory and laboratory tests 
do not give an absolute value for the dielectrie strength as with 
air, but an approximation to the probable average value. which 
should be interpreted as an indication of relative purity but 
not as an absolute value of dieleetrie strength. 

The dielectric strength increases and approaches a maximum 
value as the amount of impurities decrease and this maximum 
may be taken as an absolute value, but oil contaming impurities 
has no definite dielectric strength the results of tests being a 
matter of chance as pointed out by the authors. 

These facts lead to uncertainty and dissatisfaction in the 
use of oil as a dielectric and cooling medium, but it is still the 
best and practically the only available material for the purpose 
(except gases), and the defeets and variations are inherent and 
should be recognized. 

The form of spark gap now in general use as a standard has as 
electrodes flat brass disks 1 in. in diameter with square edges 
and set 0.1 in. apart. I was responsible for the design and intro- 
duction of this form and desire to give some of the considerations 
which led to its adoption. 

It is true that the voltage gradient is indeterminate and 
highest at the edges and ean be ealeulated only for simple geo- 
metrical forms, as spheres. 

This may be of theoretical interest but is of no practical con- 
sequence as the absolute dielectric strength of oil is indeterminate 
unless pure, which it never is, and depends on the tendeney to 
a fortuitous collection of condueting particles in more or less 
continuous chains between the electrodes. The oil is kept in 
violent circulation between and near the electrodes, when 
approaching the arcing voltage, so that the chains are continu- 
ally being formed and ruptured. 

“Tt stands to reason, is a well known fact, and is obvious” 
that the stress is greatest at the corners and that the ares tend 
to form there. The trouble with this imaginary statement is 
that it is only partly true, the actual effeets being quite different 
from those which might be expeeted from superficial eonsidera- 
tions. 

Breakdown does not necessarily oceur at points of maximum 
stress, as on corners, nor along the shortest path. It occurs at 
the time and place where the stress first exeeeds the dielectric 
strength, the time element being important since the voltage 
is usually inereasing at a rapid rate and the areing voltage varies 
more or less inversely with time. 

There is a large and nearly uniform field between disks aa 
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the effect of the edges seems unimportant in practise. I have 
just examined the disks from astandard spark gap which has been 
used for about 15,000 tests (one shot only on each filling) during 
the last two months. These show but slight burning from the 
ares, which were confined almost exclusively to an area about 34 
in. in diameter at the center of the disk. A zone about \% in. 
wide at the edge shows little evidence of arcing, but ares occur 
quite frequently from the cylindrical surface. The samples 
come in quart eans, the spark gap being filled five times from each 
ean, and one shot taken on each filling. The average of five 
shots is taken as representing the contents of one can. The 
ordinary variation of single shots from the average is about 10 
per cent plus or minus and seldom exceeds 20 per cent. The 
maximum average value of five shots is about 40,000 volts, and 
there is reason to think that this represents closely the absolute 
dielectric strength of the oil for 0.1 inch, although the tests are 
between disks. 

This form of gap was adopted as combining the greatest 
number of advantages after long experience with other forms and 
eareful comparison with the previous standard which consisted 
of 0.5 inch disks 0.2 inches apart. The latter gap was used witha 
much larger volume of oil, it being standard practise to take 
five shots on one filling, stirring the oil before each shot. This 
older form (introduced by J. A. Capp) was used in determining 
the effect of water on dielectric strength, the resulting curve 
being widely published (See Pender’s Handbook). In this 
test 11 points on the curve were determined, each by 5 shots on 
Ss samples or 440 shots for the curve, the results being quite 
regular and consistent and being duplicated at another time on 
a different kind of oil and by another operator. 

The results gave a straight line on logarithm proper and the 
curve plotted from the resultant equation came on or near all 
the points. : 

The equations of the curve as originally given was 

BAS OP Gee 
where Y = breakdown voltage— kilovolts 
and X = water—parts in 10,000 by volume. 

The results may be expressed in round numbers, with sufficient 
accuraey by: 

AE cai 

The regular and consistent results give confidence in the 
method. A careful comparison of this spark gap with the 
present standard one shows the latter to be fully as reliable but 
more sensitive. For 30 kilovolts in the old gap the new gives 15 
kilovolts, but for higher values the new gap gives more than one- 
half the voltage. for lower values, less than one-half. 

F. M. Farmer: Last evening the first discusser of the 
lightning arrester papers gave experimental evidence which 
apparently indicated that there is a certain minimum dielectri¢ 
strength in all layers of air, irrespective of the thickness: that 
is, as the thickness of the layer is reduced, the puncture voltage 
falls, a minimum value is reached, and if the thickness is still 
further reduced, the breakdown voltage goes up again. Thus 
we have another example of our lack of knowledge of the mole- 
cular mechanies and the electrical breakdown of insulating” 
materials. 

Very recently a paper was published in England in which the 
dielectric stresses in cables is discussed. Experimental evidence. 
is given which appears to show that the limiting feature is the 
minimum stress at the outside of the cable. and not the maxi- 
mum stress at the conductor, which has been the most generally 
aecepted theory. 

Here, in this paper vg Messrs. Hayden and Eddy, we have 
further experimental evidence of our lack of knowledge of 
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of transformer oils for breakdown strength, I would like to 
eall attention to a recent specification which has been issued by 
the American Society for Testing Materials. The electrodes 
and gap which were adopted for the dielectric strength test are 
one-inch flat disks with square edges and 0.1 inch separation. 
That standard was adopted after a series of tests involving 
something like 2200 determinations made by the Vacuum Oil 
Company, the Westinghouse Electric and Manufacturing Com- 
pany, and the Bureau of Standards, in cooperation. A very 
careful mathematical analysis of the results by Dr. Silsbee of 
the Bureau of Standards showed rather conclusively that the 
most reliable results were obtained with one-inch disk electrodes 
spaced 1/10th inch apart. 

Another feature of the prescribed procedure for this test is 
that five punctures are made on each of at least three specimens 
of a sample. If any one of the three averages differs from the 
grand average by more than ten per cent it is to be discarded 
and another specimen tested. 

F. W. Peek, Jr.: The authors of this paper have done some 
very interesting work in applying the probability curve to the 
variation in the breakdown of oil. This apparently confirms 
the general belief that the variations are due to impurities. It 
is a well known fact that when a series of breakdown tests are 
made on a given oil with electrodes set at a small spacing there is 
very likely to be a considerable variation in the disruptive volt- 
age. There is usually less variation when larger gap spacings 
are used. For instance, with a 2-mm. gap the authors find a 
a variation of —+ 30 per cent from the average and 85 per cent 
between maximum and minimum. Tests that we have made 
show the same variation for the 2-mm. gap. With a l-cm. 
gap, however, we find that the variation is + 10 per cent from 
the average and 30 per cent between maximum and minimum. 
The variation may be much less even at small spacings, depending 
upon the condition of the oil and the type of the electrode. 

While the variation is of theoretical interest, it is readily 
eliminated in practise. Skillful designers never use free oil 
spaces. Solid insulating barriers are always used between 
electrodes. Even with a 2-mm. oil space, which is smaller than 
is used in practise, the variation is cut in half by the insertion 
of a thin cambric or paper barrier between the electrodes. The 
variation is also less in practise because other types of electrodes 
than spheres are used. The spheres are the most useful elec- 
trodes in theoretical investigations because the dielectric field 
ean be readily calculated. 

The variation in free oil spaces is not surprising. There are 
a number or reasons why this variation should oceur. In an 
oil gap under high stress there is the greatest degree of tur- 
bulence. The oil is foreed back and forth between the elec- 
trodes. Another cause of variation is moisture and certain 
impurities in the oil. In a regular dielectric field the particles 
tend to line up along the lines of force and bridge between the 
electrodes. Moisture can, in fact, be separated from oil in this 
way and electrostatic separators have been devised and used. 
Occluded gases may also be a cause for low breakdown. 


It is, of course, not necessary in practise to make 500 tests or © 


even 100 to obtain the maximum, minimum and average charac- 
teristics of a given oil. The complete characteristics are in 
fact generally included in from 10 to 20 breakdown tests. 

In practise oil is probably the most generally useful and reliable 
insulating material that is available. 

John B. Whitehead: I have often wondered whether it 
would not be possible to get more uniform results on the dielec- 
trie strength of oil by observing the appearance of corona around 
awire. In the case of a perfectly smooth wire in air, the appear- 
ance of corona is sharply marked, and evenif the wire is soiled and 
has an irregular surface, it is very possible to separate the value 
of voltage at which streamers appear in the inequalities of 
surface, and the value at which corona appears more uniformly 
over the whole wire. It would seem to me that the same thing 
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may be true of impurities in the oil, and that there might result 
greater uniformity of observations if it were possible to detect 
the appearance of corona in the oil. This detection of the start 
of corona is the only apparent difficulty. 


Some years ago I set up in our laboratory an oil chamber in 
which a round wire was centered in a cylinder filled with oil, 
with the idea of studying the appearance of corona in the oil. 
The work was stopped largely because of the pressure of other 
matters, and because I ran into the difficulty of not being able to 
tell in a dark oil just the value of voltage at which the corona 
appeared uniformly. However, it would seem to be possible 
with little effort to obviate this difficulty. The apparatus men- 
tioned used an optical method. A beam of light of high inten- 
sity passed through the oil and close to the surface of the wire. 
It is probable that a variation in the optical constants in the oil 
will be found in the presence of corona. Iam quite sure that Mr. 
Hayden and his associates have worked with the corona in oil, 
and I think it would be interesting to have their opinion upon 
this suggestion. 


Delafield DuBois: During 1905, I attempted a research 
on the dielectric strength of oil to determine the relation between 
dielectric strength and temperature. I found the same difficulty 
experienced by Hayden and Eddy, namely, that it was not pos- 
sible to get consistent results for any given condition. and there- 
fore I was not able to obtain exact data to show the variation of 
dielectric strength due to changes of temperature. But there 
were certain observations made during those experiments that 
may be of interest. 

Breakdown voltages apparently increased as temperature in- 
creased. But on several mornings after the oil tank had been 
cooled over night, undisturbed, the first test gave a higher 
breakdown voltage than any made with the oil hot. This was 
taken to indicate that moisture was normally present in the gap, 
so that when the oil was heated the effect of this moisture became 
less, due to some kind of absorption by the oil, but that when 
cooling, undisturbed, the moisture condensed upon the sides of 
the tank, leaving the gap free from moisture. 

With the oil cold and perhaps slightly moist, the well-known 
partial breakdowns of the oil gap, were, of course, noted. As 
to the breakdown at short intervals, and in order to study this 
phenomenon, the following experiment was made: With a needle 
gap set fairly wide, there were interposed in the gap, two paral- 
lel partitions of cheesecloth, dividing the gap into three equal 
parts. These cheesecloth separators were brought up flush 
with the surface of the oil, and on the surface of the oil a thin 
paper was floated. The bubbles rising from the gap were thus 
held under the paper, and indicated in what part of the gap 
they originated. It was noted that often the bubble was from 
the middle section of thegaponly. Thissuggested that streamers 
of moisture were building out from the electrodes and that the 
breakdovn was from their ends. It is obvious that these pre- 
mature breakdowns do not become total breakdowns, because the 
moisture baths are at once dissipated by the passage of the 
current. However, when the breakdown between the ends of 
the streamers is half the oil gap, it is probable that the breakdown 
of the remaining half will follow. This explains why only a 
little moisture in the oil lowers the dielectrie strength by half, 
or more than half, if the current of breakdown is not limited by 
resistance in series with the gap. The resistance of these mojs- 
ture streamers and the series resistance of the testing set are two 
factors in determining breakdown. It is remarkable that such 
streamers should exist at all under the violent motion due to an 
electrostatic stress; undoubtedly all moisture brought into the 
field by the moving oil is captured and strongly held. Dry oil is, 
of course, not absolutely free from moisture, and under stress 
this moisture would accumulate in the gap, giving erratic results 
in any such tests as those made by Hayden and Eddy. 

Carl Hering: Jn liquid conductors of mixed composition, as 
in some electric resistance furnaces, the so-called pinch-effect, 
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which is an electro-magnetic force tending to crush the conductor 
radially,—has the peculiar property of tending to move the 
better conducting material to the central axis of the conductor; 
thus a rod of copper floated on a channel of mezeury will be 
sucked down to the middle axis quite violently when a sufficiently 
large current flows. 

This foree is electromagnetic, it may be that a similar electro- 
static force exists also. which tends to move the materials of 
lower dielectric strength into the more direct path of the dis- 
ruptive discharge. The authors admit that such materials may 
exist as they no doubt exist in the form of disconnected particles, 
a uniformity of the results cannot be expected. 


C. P. Steinmetz: The disruptive strength of insulation is 
one of the most important in electrical engineering. 

Since the early days it was suspected that there is a definite 
dielectric strength similar to the rupturing strength of mechanies, 
although experience did not seem to confirm this. 

For air, this matter was finally cleared up by the work of 
Mr. Peek, Dr. Whitehead and others, who proved that in air 
there is a definite disruptive strength which determines the 
breakdown of an air gap, but that the action is complicated by 
two additional phenomena, the energy distance and the time lag, 
and that these additional phenomena account for the disagree- 
ments in previous investigations. 

Since that time, the same assumption has usually been made, 
and the conclusions and results on the disruptive strength of 
air gaps, have been transferred and applied to liquid and solid 
insulating material, such as oil, although such applicability was 
not proven, and experience did not well agree with the applica- 
tion of the laws of the disruptive strength of gases to liquid and 
solid dielectrics. 


As I understand it, the object of Mr. Hayden’s and Mr. Eddy’s 
paper is to investigate the laws of disruptive strength of oil and 
the existence of a definite disruptive gradient which determines 
the breakdown of the oil gap, and to ascertain whether the laws 
of the dielectric strength of air can be applied to oil and solid insu- 
lation. The paper shows that such is not the case, and that the 
phenomenon of dielectric breakdown in oil or solids is different 
from that in air, since under conditions where an air gap gives 
constant results, as has been found by observation, an oil gap 
gives results scattered by the probability law over a range many 
times greater than the possible error. It also shows that 
the breakdown in oil and in solids is subject to additional phe- 
nomena which do not exist in air, and therefore the subject, in 
view of its importance, requires more extended and further 
investigation. 

In my opinion, the results of the paper are not intended to 
apply to the problem of the commercial test of oil, but they deal 
with the question whether there is a definite breakdown strength 
of oil, and whether this breakdown strength determines the 
electrical behavior of oil. -It seems to me the conclusion which 
must be drawn from the paper is that there probably is a definite 
breakdown strength of oil, but that the commercial and industrial 
behavior of oil is not determined by this breakdown strength, 
but that the actual breakdown of oil is very much below its prob- 
able dielectric strength, and is determined by a probability law— 
by which the impurities or whatever we may eall it— determine 
the actual breakdown strength. 


It seems to me that the additional data given in the discussion 
rather corroborate this conclusion by showing that where the 
tests are made under such conditions, that each test averages up, 
as by having a large section of oil gap, or great lengths of the 
oil gap, or barriers, ete., so that each individual test thus averages 
a large mass of oil, then the variations under the probability 
law necessarily are less, that-is, the results are more consistent. 
As however, the paper does not deal with the commercial testing 
of oil, but with the question of the existence of a definite dielec- 
trie strength of oil the test had to be made under conditions where 
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you have a definite gradient so as to know what you get. and 
where the gradient is as uniform as possible. This means a 
sphere gap. Therefore when the matter is further investigated 
by other investigators, I especially wish to draw this to their 
attention, and ask them to utilize the sphere gaps, and utilize 
them under conditions where the surrounding elements are as 
uniform as possible. 


N. S. Diamant: I would like to ask the authors to tell us, 
if possible, the kind of oil used in these tests. It would be also 
well to know what some of the physical and chemical charac- 
teristics of the oil in question were. They go into a lengthy and 
welcome description of electrical test methods explaining how 
the voltage readings were accurate to within less than 1 per cent- 
However, it would be very useful to the profession to know also 
what kind of oil behaved as erratically as the oil under question. 
It seems to me this paper is an excellent example of how investi- 
gations should not be conducted. Personally, I can see nothing 
in their mathematical gymnastics and probability curve. These 
are very interesting elementary mathematics to my mind, but 
it would be very interesting to know the per cent of moisture 
in this oil and some of its physical and chemical properties. 


It seems to me that the fact that the average breakdown 
voltages for the successive five sets of hundred tests was, e¢) = 95, 
96, 91, 89, 86 shows fairly definitely at least for the sample 
under consideration, an inereasing deterioration. 


Now I would like to ask the authors if they ean tell us what 
kind of oils show this erratic behavior for the first fifty or one 
hundred tests; also what they may expect in the way of average 
per cent variation in the values of successive disruptive voltages. 
As to the cause of the variation between the different successive 
values of breakdown voltages, I am sure they will agree that we 
will have to look more into the mechanism and theory of break- 
down and its effect on the physical and chemical properties of oil. 


J. Slepian: The authors contrast the uniform dielectric 
properties of air with the more erratic behavior of liquid insu- 
lating medium such as oil. With the great development in the 
past decade of the theory of ionization by collision in gases, a 
clear insight has been obtained into the mechanism of break- 
downs in gases. The reasons for the uniformity of breakdown of. 
airgaps under ordinary conditions are well known and if is even 
possible to produce special conditions in which airgaps will 
break down in quite as erratic a manner as the oil gaps described 
in thé paper. 

According to the theory of ionization by collision, electrons or 
charged molecules, called ions, when moving in a gas under 
a sufficiently high gradient may, by their impact with neutral 
molecules, break these latter up into new positive and negatively 
charged ions. These newly formed ions, if the gradient con- 
tinues to be maintained, may also generate more ions by collision. 
Thus, starting with only a few charged particles in a gap, by the 
application of a sufficiently high voltage great conductivity 
may be developed. After a considerable number of these ions 
have been produced, due to the opposite directions of travel of 
the positive and negative charges and also their different veloci- 
ties, space charges develop in the gap and the electrostatic field 
becomes distorted. The gradient becomes greatly increased in 
some portions of the gap and it then becomes possible to maintain 
the ionization by collision process with much lower voltage than 
was required to initially break down the gap. 


It may be shown that for plane electrodes, for any gap length 
in excess of a certain length which is very small for air at atmos- 
pherie pressures, there exists a critical gradient such that any 
initial ionization, however small, will be so greatly multiplied by 
ionization by collision that the uniformity of the electrostatic 
field will be disturbed and the gap broken down. This gradient 
may properly be called the breakdown gradient of the gap. 

Now, there are two requirements necessary if the gap is always 
to break down at this gradient. First, there must be some initial 
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ionization, for otherwise there would be nothing to start the ioni- 
zation by collision process when the breaxdown gradient is 
applied. This initial ionization in practical spark gaps is pro- 
duced by ultra-violet light and penetrating radiations which 
exist normally in the atmosphere. If this initial ionization is 
reduced to a very small amount by enclosing the gap in a dark 
chamber for the time for the ionization to build up sufficiently to 
unbalance the electrostatic field may become quite large. Thus, 
Townsend in his ““Conduction in Gases” states that for a gap 
enclosed in a dark chamber a voltage in excess of the normal 
breakdown voltage may be applied for several seconds before 
breakdown occurs. Hence, under these conditions, a gap tested 
under rapidly increasing voltage would show erratic breakdown 
values. 


The other requirement for uniform breakdown properties is 
that the initial ionization must not be too great. For then even 
with fields too weak to normally produce a great multiplication 
of ionization by collision, the space charges developed by the ini- 
tial ionization may so greatly distort the electrostatic field as 
to produce an excessive gradient in some portion of the gap, 
aod in this portion a rapid multiplication of ions by collisions may 
oceur. Thus we all know that if a gap is so situated that the 
ionized vapors from a nearby are reach it, the breakdown voltages 
become erratic with abnormally low values. 


Ordinarily there will not be a high density of ionization in air 
because of the high mobility of the ions. They rapidly diffuse 
away from the spot where they were generated, and are quickly 
lost by recombinations between the positive and negative ions. 
Hence an airgap may be given successive tests with fairly short 
intervals and still not show any progressive weakening. 

We do not know whether all these considerations can be carried 
over to a liquid dielectric like oil but it seems very likely. Some 
recent work of German physicists showing that ultra violet light 
inereases the conductivity of ordinary insulating materials. 
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points fairly definitely to an ionization process. In any case, 
if the mechanism of breakdown in oil is at all similar to that of 
air, we can very readily see why the breakdown of oil should be 
more erratic. For the ions in oil must have a very low mobility, 
partly because of the very great viscosity of the medium in 
which they move, and partly because of the great tendency for 
polymerization in liquids, so that the individual ions consist 
of slow moving large groups of molecules. Hence the rate of 
diffusion must be very slow, so that it is possible to have spots 
of high ion density and spots of low ion density, with only feeble 
equalizing tendencies. 

Ionization may also persist for a long time because of the slow- 
ness with which positive ions and negative ions will meet and 
neutralize each other. Hence, any slight ionizing agent will 
produce a relatively large density of ions because this will be 
determined by the equilibrium when as many ions are lost by 
recombination as are being generated by the ionizing agent. 

The feebleness of the forces tending to make uniform and 
small the initial density of ionization are quite enough to ex- 
plain why the breakdown of a small oil-gap is erratic. Add still 
further the turbulence of the oil under stress, which may at any 
moment in a haphazard fashion sweep a highly ionized portion 
of oil into the gap, and the wideness of the probability curves 
obtained by Messrs. Hayden and Eddy are no longer to be 
wondered at. 

The point which I wish to bring out in this discussion is that 
there may be no fundamental difference between the mechanism 
of breakdown of an air gap and an oil gap. The apparent differ- 
ence is one of degree only and due to the high mobility of par- 
ticles in air. If air gaps were tested with voltages applied for 
very short times, say fractions of a micro-second, the results 
would probably be as variable as those obtained for the oil gap 
and conversely, if the oil gaps were tested by the application of 
continuous voltages for very long times, say hours, quite uni- 
form results should be expected. 
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The object of this paper isto show on what factors the flashing tendency of synchronous converters depends, and how, 


on the broadest considerations, an improvement of their momentary overload characteristics can be obtained. 


From 


the interpretation of a number of oscillograms, and other experimental data, itis shown that a heavy load surge produces 
unbalanced armature reactions, resulting in abnormal voltage conditions on the commutation, which are in turn largely 


responsible for the flash. 


Synchronous stability, stability of commutating conditions, and means of choking down the 


flash, are the means enumerated by which the momentary overload capacity may be increased. 


URING the past few years, a noteworthy effort 
1) has been made to improve the flashing and the 
momentary overload characteristics of 60-cycle, 
600-volt synchronous converters for railway service. 
This important work has covered a number of different 
phases of the problem and has been carried on by the 
various organizations keenly interested in its success. 
Some of these phases have been covered by articles 
and papers published from time to time, describing 
modifications of design and new methods of protection, 
while some of the less recent papers explain clearly 


FLasH on a 500-Kw. 


60-CYcLE CONVERTER 


the very difficult design limitations existing in this type 
of machine. This literature is referred to in a limited 
bibliography appended hereto. In the present 
paper, however, it is intended to deal solely with the 
processes through which, as a chain of cause and effect, 
a primary cause leads up to a flash at the commutator. 
It is particularly important to have a knowledge of 
this, both to determine effective means of protection 
and to interpret the varied results of tests. 

There has been a tendency, it is thought, to consider 
the momentary overload capacity of a converter in 
too nearly the same terms as that of a direct-current 
generator. Actually the conditions existing in the 
two types of machines may be widely different from 
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each other. So long as the converter is operating 
under steady loads these differences may not be greatly 
apparent because the alternating and direct currents 
bear a practically constant relation to each other, and, 
since they may be considered to flow in opposite 
directions, the reactive effect is small—less than in 
any other machine except a fully compensated direct- 
current generator or motor. The type of overload 
which is dangerous to the operation of a converter is 
one which comes on as a heavy surge considerably 
above the overload setting of the circuit breaker 
protecting the machine and is consequently relieved 
in a sudden interruption after a sufficient period has 
elapsed to permit the circuit breaker to operate. In 
these circumstances, the internal balance of currents 
will be severely upset by transfers taking place between 
the energy of the rotating masses and the energy being 
converted directly in the armature; resulting in abnor- 
mal commutating conditions conducive to flashing. 
This action then becomes a factor in the overload 
limitation of the converter. On the other hand, in 
the case of a direct-current generator the same con- 
dition cannot occur; there is but one current in the 
armature windings and consequently it makes little 
or no difference whether the input energy is supplied 
from an external source—a synchronous motor for 
example—or from the stored energy of its rotating 
armature. 


When a load is applied to a converter, there is a 
slight momentary drop in speed which results in a 
permanent phase displacement of the armature behind 
its position when running light; the displacement 
being, within certain limits, proportional to the load 
applied. This action is common to all synchronous 
machines and is produced by the combined effect of 
armature reactances and armature reaction. Although 
the algebraic sum of the alternating-current and the 
direct-current armature m.m.fs. when summed up 
over a pole-pitch may be shown to be roughly zero, a 
study of Fig. 1 will show that in particular points one 
may be in excess of the other. The direct-current 
m. m. f. is greater under the interpolar space where the 
reluctance is high, and the alternating-current m. m. f. 
under the main pole where the reluctance is much 
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lower. It thus happens that the alternating-current 
part of the resultant m.m.f. is the greater in its 
influence for reaction than the direct-current part. In 
addition to this, the resultant direct-current m. m. f. 
in the commutating zone is neutralized, or even re- 
versed, by the excitation of the commutating-pole wind- 
ing. The total effect is an appreciable alternating cur- 
rent, or motor reaction, which distorts the main flux 
backward. ‘The distortion is, naturally, much less than 
in a synchronous motor, but that it is quite} perceptible 
is shown by Fig. 2, which is an actual field form mea- 
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Fig. 1—Armarurse M. M. F. Diacram ror A SYNCHRONOUS 
CoNVERTER 


surement of a 300-kw. 25-cycle converter. It will be 
evident that the voltage generated between diametrical 
rings is no longer a maximum at the instant when 
the tap-coils pass beneath the direct-current brushes, 
but at a position on the commutator slightly to the 
rear, or in the direction against rotation. This point 
corresponds roughly to the phase displacement. 

In order to obtain direct quantitative measurements 
of this phase displacement, an oscillographic method 
was developed by which the internal phase relations 
could be determined. Briefly, the method. consisted 
in recording two voltage waves; one, the voltage 


Rotation | 
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applied across two collector rings, and the other, the 
voltage of an auxiliary machine rigidly connected to 
the converter armature. The voltage of the auxiliary 
machine corresponds to a voltage generated by the field 
winding of the converter alone, without any reactive 
effects and, therefore, the relative phase positions of 
the two recording voltage waves may be used to indi- 
cate the phase displacement of the converter armature. 
A very pronounced advantage of such a method is 
that it may be used for both stable and transient con- 
ditions of operation. 
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The phase displacements under various conditions 
of load were measured on a 500-kw., 60-cycle, 600-volt 
converter which was used extensively in all the work 
which these notes cover. It was not used exclusively, 
however, and the data obtained on it were supplemented 
to a considerable extent with more from larger machines. 
The phase displacement results of the 500-kw. con- 
verter are shown in Fig. 3. Under stable conditions 
of load, the results for beyond two and one-half times 
the rated load, unfortunately, had to be discarded be- 
cause a sufficient power supply could not be maintained 
to give steady values. The initial displacement of 
about one degree is due to the no-load losses of the 
converter and is, incidentally, purely the action of a 
synchronous motor. The full-load displacement of 
six electrical degrees is, as has already been stated, 
much less than for a corresponding synchronous motor— 
perhaps only one-fourth of it. To proceed with sucha 
comparison, a synchronous motor may be expected to 


60 


3 


Synchronous Motor _ 


wn 

iy 

a 40 | 

o 

uw 

ras) at 

— i Om 
30 Measured Displacer 
S Transiei 
= me 
3) 

ea 

a 20 


2000 


3000 4000 5000 6000 
AMPERES. 

Fig. 3—ReELATIONS BerwEEN Loap CURRENT AND ARMA- 
TURE PHAsrE DISPLACEMENT ON A 500-Kw., 600-Vout, 60-CycLH 


CONVERTER 


drop out of synchronism at perhaps 21% times its 
normal load; whereas a converter will stand very much 
more, at least ten to twelve times its normal load in 
the converter referred to, while it may be argued that a 
mathematically ideal converter would never drop out 
of step for the reason that as the displacement approaches 
90 degrees, the voltage across the direct-current brushes 
would approach zero while the synchronizing torque 
approaches a maximum!'. For practical converters 


1. When a synchronous machine connected to a source of 
constant voltage is placed under load, its rotor is angularly 
displaced by an amount depending upon the impedance drop. 
in both the intervening circuit and in the machine itself. This 
displacement is a measure of the stability of the machine; 
the greater the displacement the less the stability. In a simple 
diagram, such as Fig. 4, where the resistance drop is neglected, 
it can be shown that the power flow is proportional to the area 
between the vectors ZH, and Z,; and as this varies with the size- 
of the included angle it will be consequently a maximum when 
the vectors are at right angles, as shown in the second diagram. 
In other words, this latter condition marks the limit of stable 
operation and beyond this point the machine will pull out of 
step. This limitation applies not only to the synchronous machin-. 
ery but to combinations involving synchronous machinery 
transformers and transmission lines, etc. 
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however, high internal losses and flashing will occur 
before this condition is reached, so that the actual 
torque will be largely independent of the output and 
will cause the converter to pull out of synchronism. 
The tests seem to indicate the displacement may reach 
a maximum value of 45 electrical degrees before 
trouble from flashing results. 

It is, of course, to be understood that the value 
of phase displacement of other converters under normal 
load is not necessarily the six degrees cited above. 
This quantity depends upon the design of the particular 
machine involved. The stability of the converter 
used in these tests is appreciably greater than what is 
found in machines of larger ratings. It would be ex- 
pected, and is a fact, that many machines have a con- 
siderably larger displacement at their rated loads. 

A factor of considerable importance in the deter- 
mination of the overload capacity of a converter is 
the characteristics of the circuit supplying the power. 
The stability of a synchronous motor, for instance, 
will be sensibly decreased when operated from a cir- 
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Fie. 4—ReractivE Voutace Drors in a CONVERTER AND 
Suppiy LINE 


cuit of high reactance and the same thing is true of 
a converter, but to a greater degree because the small 
reactive effect of the converter itself forms a smaller 
fraction of the whole; and, conversely, the external 
reactance will form a greater fraction of the whole. 
For railway substation installations, where it is usual 
to install transformers with 15 per cent reactance, it 
will be expected that stability of the converter will 
be somewhat reduced. To be exact, the above value 
of reactance is not maintained on heavy overloads, 
due to the saturation of the leakage paths, but it will 
be relatively high to the point where the converter 
drops out of synchronism. Fig. 4 shows this effect 
quantitatively with very rough assumptions. It is 
assumed that external reactance amounts to a constant 
value of 171% per cent while the converter displacement 
at normal load is six degrees. The second diagram 
shows that the maximum load which the converter 
could carry under these conditions would be about five 
times itsrated value. Since the external displacement is 
relatively greater than the phase displacement of the 
converter armature it therefore becomes largely re- 
sponsible for the machine dropping out of synehronism.' 

It is to be realized that such a diagram is necessarily 
very crude and that it can only serve to illustrate 
a point rather than to give accurate data. Certain 
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factors which have been neglected may however lack 
the importance which might be given them at first 
sight. For example, the effect of the series field during 
such a transient period is not great because any ten- 
dency toward sudden changes in flux will be almost 
completely counteracted by current in the damper 
winding and shunt field winding for a longer time than 
it takes the converter to drop out of step. The effect 
of resistance in the alternating-current circuit will 
naturally be detrimental although it is usually so small 
that it is not important except under the heaviest loads. 

It follows from the preceding discussion that due 
to phase displacement in the converter and an addi- 
tional displacement in any external reactance, the 
armature takes up a definite phase position for each 
value of load applied and when a change of load occurs 
the armature must change its phase position to corre- 
spond, moving forward or backward (relatively), de- 
pending upon whether the load has been increased or 
decreased. If the change takes place gradually there 
will be no resulting disturbance, but if the load changes 
suddenly the internal balance of currents and reactions 
will be upset until such time as the armature will 
have settled into its stable position. When the arma- 
ture drops back, it delivers a portion of its rotational 
energy as output at the direct-current brushes which 
is in addition to the alternating-current input; when it 
moved forward, . extra alternating-current power is 
required to accelerate it. In consequence of these 
actions, there is no set instantaneous relation between 
the alternating-current input and the direct-current 
output for a transient condition of load, for it will 
be modified by the rate and direction of energy transfer 
in the rotating masses. 

Hunting is the condition existing when the changes 
of displacement become oscillatory. In this case, 
the energy stored in the armature may be taken as 
fluctuating about a mean value represented by the 
energy at synchronous speed, and the magnitude of 
these fluctuations determines the severity of hunting. 
The relation between the alternating-current input 
and direct-current output, however, if summed up 
over an appreciable period is the same as that for the 
steady load condition. 

The sequence of action on the application of load 
to a converter may be stated in somewhat the following 
manner: On the closing of the direct-current circuit, 
the current rises following the ordinary exponential 
law, being limited at the first instant by only the total 
inductance of the circuit. The rate of power increase 
during this period may be high, necessitating a corre- 
spondingly high rate of change of armature displace- 
ment. If the converter does not fall out of synchro- 
nism, the total displacement will be limited to a maxi- 
mum of less than 90 electrical degrees (see Note 1), but 
the time in which this movement takes place may be 
so short that the energy will be given up at a rate 
comparable to the coincidental output which means 
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that the converter will absorb a considerable part of the 
shock of the sudden load change and prevent it from 
passing into the alternating-current system. This 
cushioning effect may be achieved in severe cases, 
however, only at the expense of a flash. Fig. 5 is an 
oscillogram taken to show the effect of the application 
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This brief analysis gives a general idea of the power 
fluctuations under such circumstances; but, while 
very interesting, it fails to give a quantitative measure- 
ment of the displacement angles involved. To obtain 
these data, a series of tests was made while loads of 
various magnitudes were thrown on the converter, 


Ysi7g aban brec bar 
- 218 Of973; AEA A 78 erreur 


r- Cleared CO 


time 
ae. 


# 


Vp § 
iam eve tne Of current 17 Graz ber a 


~ oe = 


Fie. 5—APppLicaTION AND INTERRUPTION OF 


and interruption of a heavy load on the 500-kw. 
converter. The alternating-current wave may be 
taken as a rough measure of the power input. The 
alternating current, it may be noted, rises at about 
one-half the rate of the direct current, and reaches a 
maximum value only after the direct current has 
begun to decrease. It eventually exceeds the corres- 
ponding value of direct current, which shows that the 
armature has begun to oscillate freely—that is, to 
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hunt. This effect is much more noticeable after the 
cireuit breaker opens, when the indications of hunting 
are unmistakable. It is of interest to note that the 
point of minimum alternating-current input occurs 
about two cycles after the direct current has been 
completely interrupted, while at the point at which 
the direct current reaches zero the power required to 
accelerate the rotor is scaled at about double the 
rated input of the converter. 
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the results of which are plotted in Fig. 3 where they 
can be compared with the corresponding displacements 
under steady load. The maximum transient displace- 
ment is the greater as is logical. The curve shows 
a tendency for the internal displacement not to in- 
crease beyond 45 electrical degrees which may be the 
actual case. 

The complete results of one test are combined in 
Fig. 6. The short-circuit current rose to a maximum 
value of about 914 times the normal value in 0.03 
second, and then decreased to about six times full- 
load current. This load is obviously too great to be 
maintained by the converter, but, if this had been 
possible, the final and stable value would have been 
between these two, though considerably nearer the 
lower one. The maximum angle of internal phase 
displacement recorded was 48 degrees which occurred 
roughly at the instant of minimum current. This is 
again indicative of oscillatory action. A distinction 
is made between total displacement and internal dis- 
placement; the former term applies to the amount 
by which the converter drops back into phase posi- 
tion behind the source of power, and thus is the 
result of the entire reactive drop between that source 
of power and the armature as well as that in the 
converter itself. It is this quantity which deter- 
mines the amount of rotational energy given up 
by the rotating parts. The internal displacement 
includes only that which is produced within the 
converter due to the effective armature reaction 
and reactance. One point which is worthy of note, 
and which came as a surprise, is the fact that the 
initial internal displacement is forward instead of back- 
ward as might be expected. This simply means 
that the external displacement due to line reactance, 
ete., increases faster than the armature can initially 
drop back. The total displacement is, of course, 
always backward. This short-circuit test approached 
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the limit of severity which could be thrown on the 
converter without having it drop out of synchronism. 
An indication of this is the fact that the total displace- 
ment reached a value of 70 electrical degrees. As a 
matter of fact, it was only the very low value of external 
reactance which explains why the converter remained 
in synchronism at all at such a load. 

It might be noted in passing that the decrease of 
load current after the maximum value is reached is 
closely associated with the phenomenon of phase dis- 
placement; and, incidentally, the relation between the 
two was at first made use of to obtain quantitative 
measurements of internal displacement. With a con- 
stant sinusoidal voltage applied to the rings, the voltage 
across the direct-current brushes will drop with the 
cosine of the angle of displacement. Ifthe load current 
were assumed to drop off also according to this same 
law, then the ratio of the current at the first dip to 
the maximum value will represent the internal displace- 
ment. That this assumption is more or less justified 
may be drawn from the comparison of curves of Fig. 3. 
In the case of another machine the agreement might 
not be so close, although the method ought to serve 
at least as a means of comparison between different 
tests on the same machine. 

The magnitude of the energy fluctuations in the 
converter during short circuits can be estimated from 
the inertia of its rotating masses and the data of Fig. 6. 
In this particular case, the energy given up by the arma- 
ture in the first 0.04 second was about 30,000 ft-lb., 
and at a maximum rate of 1250 kw. This is about two 
and one-half times the rated capacity of the machine and 
amounts to about 50 per cent of the actual output 
during this period. These figures, therefore, agree 
with the conclusions drawn from Fig. 5, and serve to 
demonstrate the fact that the fluctuations of energy 
which disturb the balance of the reactors are severe. 

These figures may also be used as a means of showing 
the resultant effect on commutation. Assume that 
the instantaneous ratio of output to input is 2:1; 
the m.m.f. acting in the commutating zone instead 
of being the 10 per cent of Fig. 1 becomes 55 per cent 
of the full direct-current armature ampere turns and 
if, as was formerly quite usual, the commutating-pole 
ampere turns amount to only about 40 per cent of this 
same value, there will be a negative m.m:f. of 15 
per cent to produce a flux in the reverse direction. 
Under such conditions it would be much better for the 
converter if the commutating poles were removed. 


The obvious way to reduce the amount of trouble 
from this source is to increase the magnetic strength 
of the commutating pole in relation to the armature 
until it becomes comparable to that of a direct-current 
generator. If this be done, the extra ampere turns 
under normal operating conditions will be used up in 
a greatly increased reluctance of the commutating 
pole, while under load surges they will prevent the 
commutating-pole flux from becoming greatly decreased 
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(relatively) or reversed. This arrangement has become 
known as a high-reluctance commutating pole, the 
reluctance being obtained by placing non-magnetic 
material (which includes air) in the magnetic circuit 
of the pole. If the strength be increased to 100 per 
cent, for instance, the conditions referred to above be- 
come as follows: In the case of stable operation, 10 per 
cent of the total m. m. f. is utilized in neutralizing the 
resultant m.m.f. of the armature and the remaining 
90 per cent in overcoming the reluctance of the mag- 
netic circuit. In the case of the assumed surge, 55 per 
cent neutralizing m.m.f. is required, leaving 45 per 
cent to produce the commutating flux which means 
that the latter will be one-half of what it would be 
under the corresponding stable condition. 

These rough calculations have been verified experi- 
mentally, using the same converter as in the former 
tests furnished with high-reluctance commutating 
poles of approximately 100 per cent strength. The 
data obtained are plotted in Fig. 7. The flux changes 
were recorded by an oscillograph connected to search 
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coils in the commutating zone. The flux harmonics are 
large under short-circuit conditions, so that to reduce 
the possibility of error from this cause two oscillograms 
were used to produce the one composite curve. As 
there was no pronounced difference between the separ- 
ate curves, it is probable that the result is reasonably 
accurate. The ordinates of flux and current have been 
made to coincide for purposes of comparison. 

The phenomena following the interruption of a 
heavy load are equally important to those of an increas- 
ing surge. It has already been mentioned in connec- 
tion with Fig. 5 that when the direct current was 
completely interrupted the alternating current still 
amounted to double its rated vaye. At thst me there 
were no other m.m.fs. acting in the commutating 
zone, and the only obstruction to the passage of flux 
was the reluctance of the magnetic circuit. The condi- 
tion corresponds to a strongly over-compensating 
commutating pole? and tends to occur on all occasions 
when the load is suddenly reduced. 

In Fig. 7, the period intervening between 0.01 to 
0.02 second is one of over-compensation due to the 
sudden operation of the circuit breaker. The excess 

2. The alternating-current m.m.f. of the armature acts 
in the same direction as the m.m.f. of the commutating-pole 
series winding. 
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here is not great for the armature was never displaced 
to any great extent, and therefore required little 
accelerat ng current. 

Referring again to the results of Fig. 5, it is possible 
to make a rough estimate of the flux produced by the 
unbalanced armature current at the interruption of 
the direct-current circuit on the same basis as “those 
already made. Assuming then the alternating current 
to be double the rated value and a commutating pole 
of 40 per cent of armature strength, the commutating 
flux will tend to increase to a maximum value of between 
five and six times that at normal load and will, natur- 
ally, generate high voltages under the brush. If a 
high-reluctance commutating pole of 100 per cent 
‘strength is supplied to the converter, the corresponding 
flux will tend to be only about double the normal value 
at full load. The pronounced advantage of the 
high-reluctance commutating pole for the condition of 
quickly decreasing loads is, therefore, also evident. 
It might be remarked parenthetically that there is a 
practical limit to which the increase of reluctance of the 
commutating pole may be carried. This comprises 
only one of the possible paths for the flux (others being 
slot leakage etc.), so that when the reluctance of the 
commutating-pole circuit become relatively high 
compared to that of the other paths, the practical 
limit is reached. The constructional difficulties, of 
course, increase with the reluctance. 

The armnount of energy unbalance under transient 
conditions of load is a measure of the combined effect 
of several factors which may be conveniently grouped 
under two headings: First, the extent of change and the 
rate of change of the load; and second, the relation 
between the moment of inertia of the rotating element 
and the electrodynamic stability between the converter 
and its source of power. The 500-kw. converter used 
particularly for these tests was one of low moment of 
inertia and high stability at its rated load due to the 
design limitations for this type of machine. As a 
consequence, the overload capacity under both stable 
and transient loads was exceptionally high. Con- 
verters of greater ratings are not so fortunate in this 
respect; their inertia is relatively greater and their 
stability less. The data submitted here, therefore, 
cannot be taken to apply indiscriminately to all classes 
of machines but must be modified to suit the design 
proportions for individual cases. The test represented 
by Fig. 6 for instance, showed that the 500-kw. con- 
verter used will carry 91% times its rated load without 
dropping out of step or flashing. This cannot be con- 
sidered a representative figure, by any means, for 
converters in general, and in addition to this the same 
converter when operated from high-reactance trans- 
formers would not have this overload capacity. 

Up to the present point, the converter has been 
dealt with as a piece of synchronous apparatus entirely, 
particular attention having been paid to the character 
of reactions resulting from transient load conditions. 
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The phenomenon of flashing itself is a characteristic 
of commutating machinery; therefore to show the 
relation between these reactions and the flashing which 
may result the converter must be dealt with as a 
commutating machine. From a careful examination 
of the available data in the form of oscillograms, high- 
speed photographs, etc., the immediate causes leading 
up to a flash-over were ascertained to be in the majority 
of cases as follows: Sparking under the brushes occurs 
with heavy overloads in all commutating machinery 
and is due partly to the heavy currents flowing across 
the brush contact surfaces, but more to the imperfect 
compensation of inductive voltages generated in the 
short-circuit coils effected by the excitation of the 
commutating pole. Sparking will naturally precede a 
flash, even though perhaps only for a few thousandths of 
a second. It produces ionization of the atmosphere 
at the surface of the commutator which decreases 
the ability of the converter to resist the first formation 
of an are. In nearly every case capable of investiga- 
tion, the flash developed through the sparking at the 
brushes being drawn out asthe commutator bars receded 
from the brush until the arc extended through an entire 
pole-pitch. When this occurs and the arc is between 
brush arms of opposite polarity, or between brush 
arm and ground, the flash may be considered completely 
developed. Experience with electric welding has shown 
that 20 volts are sufficient to maintain an arc, and 
although conditions are somewhat different on the 
commutator, the presence of ionized gases due to 
sparking is favorable to the initiation of an arc, and 
the above voltage or probably a higher value indicates 
the magnitude necessary for flashing. If the above 
conclusions be generally correct, it means that. the 
voltage conditions and distribution over the com- 
mutator, in particular directly ahead of the brushes, 
7. e., in the direction of rotation, are critical for the 
propagation of an are and the development of a flash. 
It has been generally appreciated that a converter 
is far more liable to flash on the opening of the circuit 
breaker than at the point of maximum current. An 
investigation of the voltage distribution over the 
commutator under the two conditions—that of increas- 
ing loads, and that of decreasing loads—gives the 
explanation for this. Take the case of a non-com- 
mutating-pole, direct-current machine; here, when 
loaded, the neutral shifts forward for a generator, and 
backward for a motor, as is evidenced by the necessity 
for the shifting of the brushes. In the case of the 
converter when hunting takes place, very much the 
same thing is true; the fluctuations of energy in the 
rotating element represent unbalanced motor or genera- 


‘tor reactions and the neutral swings backward or 


forward of the brush as the machine oscillates in phase 
position. This effect is plainly observable from the 
sparking under the brushes which will rise and subside 
with each oscillation. When the generator reaction is 
in excess and the neutral is ahead of the brushes, the 
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the limit of severity which could be thrown on the 
converter without having it drop out of synchronism. 
An indication of this is the fact that the total displace- 
ment reached a value of 70 electrical degrees. As a 
matter of fact, it was only the very low value of external 
reactance which explains why the converter remained 
in synchronism at all at such a load. 

It might be noted in passing that the decrease of 
load current after the maximum value is reached is 
closely associated with the phenomenon of phase dis- 
placement; and, incidentally, the relation between the 
two was at first made use of to obtain quantitative 
measurements of internal displacement. With a con- 
stant sinusoidal voltage applied to the rings, the voltage 


across the direct-current brushes will drop with the’ 


cosine of the angle of displacement. If the load current 
were assumed to drop off also according to this same 
law, then the ratio of the current at the first dip to 
the maximum value will represent the internal displace- 
ment. That this assumption is more or less justified 
may be drawn from the comparison of curves of Fig. 3. 
In the case of another machine the agreement might 
not be so close, although the method ought to serve 
at least as a means of comparison between different 
tests on the same machine. 

The magnitude of the energy fluctuations in the 
converter during short circuits can be estimated from 
the inertia of its rotating masses and the data of Fig. 6. 
In this particular case, the energy given up by the arma- 
ture in the first 0.04 second was about 30,000 ft-lb., 
and at a maximum rate of 1250 kw. This is about two 
and one-half times the rated capacity of the machine and 
amounts to about 50 per cent of the actual output 
during this period. These figures, therefore, agree 
with the conclusions drawn from Fig. 5, and serve to 
demonstrate the fact that the fluctuations of energy 
which disturb the balance of the reactors are severe. 

These figures may also be used as a means of showing 
the resultant effect on commutation. Assume that 
the instantaneous ratio of output to input is 2:1; 
the m. m.f. acting in the commutating zone instead 
of being the 10 per cent of Fig. 1 becomes 55 per cent 
of the full direct-current armature ampere turns and 
if, as was formerly quite usual, the commutating-pole 
ampere turns amount to only about 40 per cent of this 
same value, there will. be a negative m.m:f. of 15 
per cent to produce a flux in the reverse direction. 
Under such conditions it would be much better for the 
converter if the commutating poles were removed. 

The obvious. way to reduce the amount of trouble 
from this source is to increase the magnetic strength 
of the commutating pole in relation to the armature 
until it becomes comparable to that of a direct-current 
generator. If this be done, the extra ampere turns 
under normal operating conditions will be used up in 
a greatly increased reluctance of the commutating 
pole, while under load surges they will prevent the 
commutating-pole flux from becoming greatly decreased 
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(relatively) or reversed. This arrangement has become 
known as a high-reluctance commutating pole, the 
reluctance being obtained by placing non-magnetic 
material (which includes air) in the magnetic circuit 
of the pole. If the strength be increased to 100 per 
cent, for instance, the conditions referred to above be- 
come as follows: In the ease of stable operation, 10 per 
cent of the total m. m. f. is utilized in neutralizing the 
resultant m.m.f. of the armature and the remaining 
90 per cent in overcoming the reluctance of the mag- 
netic circuit. In the case of the assumed surge, 55 per 
cent neutralizing m.m.f. is required, leaving 45 per 
cent to produce the commutating flux which means 
that the latter will be one-half of what it would be 
under the corresponding stable condition. 

These rough calculations have been verified experi- 
mentally, using the same converter as in the former 
tests furnished with high-reluctance commutating 
poles of approximately 100 per cent strength. The 
data obtained are plotted in Fig. 7. The flux changes 
were recorded by an oscillograph connected to search 
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coils in the commutating zone. The flux harmonics are 
large under short-circuit conditions, so that to reduce 
the possibility of error from this cause two oscillograms 
were used to produce the one composite curve. As 
there was no pronounced difference between the separ- 
ate curves, it is probable that the result is reasonably 
accurate. The ordinates of flux and current have been 
made to coincide for purposes of comparison. 

The phenomena following the interruption of a 
heavy load are equally important to those of an increas- 
ing surge. It has already been mentioned in connec- 
tion with Fig. 5 that when the direct current was 
completely interrupted the alternating current still 
amounted to double its rated vale. At thst me there 
were no other m.m.fs. acting in the commutating 
zone, and the only obstruction to the passage of flux 
was the reluctance of the magnetic circuit. The condi- 
tion corresponds to a strongly over-compensating 
commutating pole? and tends to occur on all occasions 
when the load is suddenly reduced. 

In Fig. 7, the period intervening between 0.01 to 
0.02 second is one of over-compensation due to the 
sudden operation of the circuit breaker. The excess 

2. The alternating-current m.m.f. of the armature acts 
in the same direction as the m. m.f. of the commutating-pole 
series winding. 
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here is not great for the armature was never displaced 
to any great extent, and therefore required little 
accelerat ng current. 

Referring again to the results of Fig. 5, it is possible 
to make a rough estimate of the flux produced by the 
unbalanced armature current at the interruption of 
the direct-current circuit on the same basis as*those 
already made. Assuming then the alternating current 
to be double the rated value and a commutating pole 
of 40 per cent of armature strength, the commutating 
flux will tend to increase to a maximum value of between 
five and six times that at normal load and will, natur- 
ally, generate high voltages under the brush. If a 
high-reluctance commutating pole of 100 per cent 
‘strength is supplied to the converter, the corresponding 
flux will tend to be only about double the normal value 
at full load. The pronounced advantage of the 
high-reluctance commutating pole for the condition of 
quickly decreasing loads is, therefore, also evident. 
It might be remarked parenthetically that there is a 
practical limit to which the increase of reluctance of the 
commutating pole may be carried. This comprises 
only one of the possible paths for the flux (others being 
slot leakage etc.), so that when the reluctance of the 
commutating-pole circuit become relatively high 
compared to that of the other paths, the practical 
limit is reached. The constructional difficulties, of 
course, increase with the reluctance. 

The arnount of energy unbalance under transient 
conditions of load is a measure of the combined effect 
of several factors which may be conveniently grouped 
under two headings: First, the extent of change and the 
rate of change of the load; and second, the relation 
between the moment of inertia of the rotating element 
and the electrodynamic stability between the converter 
and its source of power. The 500-kw. converter used 
particularly for these tests was one of low moment of 
inertia and high stability at its rated load due to the 
design limitations for this type of machine. As a 
consequence, the overload capacity under both stable 
and transient loads was exceptionally high. Con- 
verters of greater ratings are not so fortunate in this 
respect; their inertia is relatively greater and their 
stability less. The data submitted here, therefore, 
cannot be taken to apply indiscriminately to all classes 
of machines but must be modified to suit the design 
proportions for individual cases. The test represented 
by Fig. 6 for instance, showed that the 500-kw. con- 
verter used will carry 91% times its rated load without 
dropping out of step or flashing. This cannot be con- 
sidered a representative figure, by any means, for 
converters in general, and in addition to this the same 
converter when operated from high-reactance trans- 
formers would not have this overload capacity. — 

Up to the present point, the converter has been 
dealt with as a piece of synchronous apparatus entirely, 
particular attention having been paid to the character 
of reactions resulting from transient load conditions. 
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The phenomenon of flashing itself is a characteristic 
of commutating machinery; therefore to show the 
relation between these reactions and the flashing which 
may result the converter must be dealt with as a 
commutating machine. From a careful examination 
of the available data in the form of oscillograms, high- 
speed photographs, etc., the immediate causes leading 
up to a flash-over were ascertained to be in the majority 
of cases as follows: Sparking under the brushes occurs 
with heavy overloads in all commutating machinery 
and is due partly to the heavy currents flowing across 
the brush contact surfaces, but more to the imperfect 
compensation of inductive voltages generated in the 
short-circuit coils effected by the excitation of the 
commutating pole. Sparking will naturally precede a 
flash, even though perhaps only for a few thousandths of 
a second. It produces ionization of the atmosphere 
at the surface of the commutator which decreases 
the ability of the converter to resist the first formation 
of an arc. In nearly every case capable of investiga- 
tion, the flash developed through the sparking at the 
brushes being drawn out asthe commutator bars receded 
from the brush until the arc extended through an entire 
pole-pitch. When this occurs and the arc is between 
brush arms of opposite polarity, or between brush 
arm and ground, the flash may be considered completely 
developed. Experience with electric welding has shown 
that 20 volts are sufficient to maintain an arc, and 
although conditions are somewhat different on the 
commutator, the presence of ionized gases due to 
sparking is favorable to the initiation of an arc, and 
the above voltage or probably a higher value indicates 
the magnitude necessary for flashing. If the above 
conclusions be generally correct, it means that. the 
voltage conditions and distribution over the com- 
mutator, in particular directly ahead of the brushes, 
7. e., in the direction of rotation, are critical for the 
propagation of an are and the development of a flash. 
It has been generally appreciated that a converter 
is far more liable to flash on the opening of the circuit 
breaker than at the point of maximum current. An 
investigation of the voltage distribution over the 
commutator under the two conditions—that of increas- 
ing loads, and that of decreasing loads—gives the 
explanation for this. Take the case of a non-com- 
mutating-pole, direct-current machine; here, when 
loaded, the neutral shifts forward for a generator, and 
backward for a motor, as is evidenced by the necessity 
for the shifting of the brushes. In the case of the 
converter when hunting takes place, very much the 
same thing is true; the fluctuations of energy in the 
rotating element represent unbalanced motor or genera- 


tor reactions and the neutral swings backward or 


forward of the brush as the machine oscillates in phase 
position. This effect is plainly observable from the 
sparking under the brushes which will rise and subside 
with each oscillation. When the generator reaction is 
in excess and the neutral is ahead of the brushes, the 
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voltage between a brush and a receding bar is of oppo- 
site polarity from normal until the bar is somewhat past 
the neutral. It is evident that there is no voltage 
between the brush holder and the commutator capable 
of propagating an are forward until after the bar has 
reached a point where the voltage has risen to an appre- 
ciable value in a positive direction, and as this point 
may be an inch or more from the brush on the com- 
mutator surface, the conditions are very unfavorable 
for production of a flash. 

In the case of an excess motor reaction, the neutral 
has moved backward and the bar, on passing the brush, 
is moving into a field of steadily increasing intensity, 
and the voltage gradient over the commutator directly 
in front of the brush may be much higher than it 
normally is. A critical voltage, which is readily able 
to carry the are forward to the next brush arm, may 
exist on the commutator almost at the brush itself, 
and thus the danger of flashing is imminent. 
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To present this condition in a more definite manner, 
Fig. 8, which gives several calculated field forms of a 
converter, has been included. The field forms are 
drawn up for four different conditions of load, which are, 
referring to the numbers on the curves: (2) at no-load, 
(8) under a stable load condition, (4) under load with 
excess motor reaction, (1) under load with excess 
generator reaction. Thesame output has been assumed 
in each of these last three cases to allow direct com- 
parison; the difference of field form being produced, 
therefore, by the transfers of rotational energy causing 
unbalanced reactions. 

The changes of flux in the commutating zone between 
the conditions (1), (8) and (4) are quite marked, al- 
though the flux for proper compensation should be 
the same in each case. The corresponding shifts of 
the neutral are equally pronounced. If, for instance, 
the converter were hunting with sufficient severity to 
produce the unbalanced reactions of this figure, the 
neutral would swing between the two extremes (1) 
and (4) with each oscillation. 
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The inset voltage curves refer to the voltage differ- 
ence between the heel of a brush and a commutator 
bar, as it moves forward. They represent in a way 
the relative tendencies toward flashing for the condi- 
tions of operation assumed. At no-load this voltage 
at the point marked “‘pilot-brush” is given as 12 volts, 
which corresponds to that actually measured on the 
converter. Under the stable load, this voltage is in- 
creased only slightly. The same load, while increasing, 
produces a voltage of — 3 volts at this point, and while 
decreasing + 30 volts. The significance of these 
voltages may be inferred from the consideration that 
if 25 volts are required to maintain an are on the com- 
mutator, in the former case no such voltage will exist 
on the commutator until the bar has receded a con- 
siderable distance from the brush, and it is unlikely 
that an are will be propagated forward. In the latter 
case, a critical voltage may exist almost at the heel of 
the brush, and the conditions are entirely in favor 
of the propagation of a flash. It may be said, therefore, 
that during a period of increasing load a converter is ina 
sense self-protecting against a serious flash; but that 
when a load is suddenly decreased, as when a circuit 
breaker opens, a flash is much more likely to occur, a 
conclusion thoroughly borne out by experience. 

In order to obtain some direct information on this 
particular action, a number of short-circuit tests 
was made on the converter having a small pilot-brush 
located on the commutator at the point indicated in 
Fig.8. By this means, the voltages in the commutating 
zone, critical from the standpoint of flashing, were 
measured under various transient conditions and the 
results form a striking confirmation of the theory out- 
lined above. In Fig. 5, the upper line is a record of 
this voltage. Before the application of the short 
circuit this ‘‘pilot-brush voltage’ was about 12 volts, 
but during the sudden increase of load it dropped 
slightly below zero, meaning that the neutral had swung 
forward. Under the steady load condition, it rose to 
nearly 50 volts above zero, indicating that the neutral 
was permanently displaced backward. At the open- 
ing of the circuit breaker, the voltage exceeded 100, 
indicating that the decreasing load forced the neutral 
backward although the armature itself was being 
accelerated forward. Unfortunately, the oscillogram 
ended just as a period of free oscillation was beginning, 
although the commencement of the characteristic 
indications are evident. 

Fig. 9 is a somewhat similar oscillogram but taken 
during a much heavier short circuit. The current 
reached a value of 9750 amperes or about 1114 times 
normal value and the effects are, therefore, sufficiently 
pronounced to repay a rather detailed study, through 
which a relatively complete history of the internal 
actions during the test may be traced. The negative 
pilot-brush voltage indicates the release of stored rota- 
tional energy as in Fig. 5, but at a higher rate for the 
voltage here drops to 80-90 volts. This is sufficient 
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to convert the sparking at the brushes into a flash 
which is indicated by the dip in the current wave. 
However, as the position of the neutral was far forward, 
the flash was not propagated to the next brush arm 
and it existed more in the form of a momentary “spit” 
of considerable severity. As the neutral receded 
backward with the increase of phase displacement, 
the voltage initiating the flash decreased to a point 
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in excess of anything which might reasonably be ex- 
pected of the converter. To permit this performance, 
the apparatus used included several special features. 
The converter itself was furnished with high reluctance 
commutating poles, such as have already been referred 
to. Flash-guards were placed on either side of the 
direct-current brush arms to insulate the brush holders 
from conducting gases, and a special arrangement of 
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where this flash stopped entirely (where the current 
dip ends). The transition to the stable condition was 
never completed in this phase of the test, for the circuit 
breaker opened while the armature was still moving 
backward. At the interruption of the direct-current 
circuit, the pilot-brush voltage rose immediately to a 
maximum value of perhaps 120 volts, which repre- 
sents a greatly aggravated case of (4) of Fig. 8. At 
this point the converter flashed the second time but 
with the reversed voltage conditions on the commutator 
and as there was nothing to stay the progress of the 
flash, it progressed completely to the next brush arm 
where it would have developed seriously had it not 
been for flash guards supplied to the forward side of 
the brush holders which isolated the are on the moving 
surface of the commutator. This effect greatly limited 
the severity of the flash and choked down the amount 
of power expended, so that the armature was allowed 
to move forward in phase displacement. Thereupon, 
the unbalanced reaction dropped in value and the neu- 
tral approached its normal position again. This pro- 
ceeding cut off the means whereby the flash was 
continually being propagated forward and the arc 
naturally died out. The beginning of the regular 
descent of the pilot-brush voltage, in Fig. 9, indicates 
the cessation of flashing. This second flash was of 
rather short duration as well as the first. If the flash 
had reached some unguarded point of opposite poten- 
tial, as would have been the case without the protection 
of flash guards, it would have been necessary to shut 
down the machine to kill the are and protect it from 
serious injury. 

This test fairly exemplifies the principles advanced 
in the previous part of this paper. It represents 
as well, a service of extreme severity and considerably 
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brush-holder cross-connections was used to control the 
flash to a certain extent. The transformers used were 
of lower reactance to reduce the external impedance 
to a minimum. The circuit breaker was set for a 
slightly higher speed than would ordinarily have been 
considered necessary so that it might operate before 
the armature had reached its maximum displacement. 
This was essential to prevent the converter from drop- 
ping out of synchronism on extreme momentary over- 
loads. The circuit breaker actually began to open in 
0.06 second while the maximum displacement occurred 
in the neighborhood of 0.08 second. It may be ob- 
served that the circuit breaker did not: completely 
open the direct-current circuit in this test; this is 
because a resistor had been connected across its contacts 
for previous tests, but there is no particular significance 
of it in the present connection. This general arrange- 
ment, however, tends to reduce the probability of 
flashing. 

This short-circuit test did no injury to the converter 
beyond a certain amount of erosion of the brush surfaces 
caused by the heavy load current and circulating current 
in the brushes. The machine was not shut down 
and it was found practicable to place it under load 
again immediately, although not toitsfullrated capacity 
until the brush surface conditions had become some- 
what improved. 

Two more tests taken under a different condition 
will be referred to. For these tests, the converter 
was protected by a high-speed circuit breaker by which 
is meant one which will completely operate within 
0.01 of a second. Fig. 7, although not quite typical 
on account of the time of operation being slow, shows 
the characteristic current curve very plainly. By 
making a comparison between this figure and Fig. 6 
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on a time basis, it may be noted that the initial rates 
of current rise are not widely different so that the 
displacements for the two tests may be assumed to 
correspond with the same accuracy. With the current 
limited to a time of 0.006 or 0.007 of a second the re- 
sulting displacement must be very small; and in fact 
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flash on the commutator. To compress the phenome- 
non within the limited time, the high-speed circuit 
breaker was used with certain modifications to permit. 
the formation of a flash. The exposures are num- 
bered consecutively 1, 2, 3, ete. and are taken 
0.001 of a second apart. From comparing these 
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the internal displacement of the converter will be for- 
ward, as has been independently verified. In order 
that an idea may be gained of the transient phenomena 
involved Fig. 10 is referred to. The test shown here 
duplicates that of Fig. 7 except that different quan- 
tities were recorded. The fluctuations of both alter- 
nating current and of the pilot-brush voltage are so 
small that it is evident that the great speed of the circuit 


Fig. 11—Derap Snort Crircuir on a 500-Kw. CoNnvEerRTER 
PortecTED By aA MHtieu-Speep Crrcvuir BREAKER. (SEE 
Fig. 10.) 


breaker forestalls any pronounced internal disturbance. 
Both of these tests represent dead short circuits thrown 
on the converter, demonstrating that complete protec- 
tion may be obtained in this manner. Fig. 11 is 
reproduced from a photograph taken during one of 
these tests. 

Fig. 12isfrom a multi-exposure photograph taken with 
a high-speed camera’ to study the development of a 


3. J. Legg. The Polar Multi-Exposure High-Speed Camera, 
Electric Journal, December, 1919. 


exposures with the oscillogram taken on the same 
occasion, exposure No. 6 is found to occur at the 
instant of maximum current, which was 8200 amperes. 
Up to. this point, it may be noted that the flash did 
not develop beyond the category of a severe spit; 
at the sudden opening of the circuit breaker, however, 
the following exposures 7, 8 and 9 show sudden expan- 
sion forward of the flash which takes place at even a 
faster rate than the motion of the commutator itself. 
These photographs, which record the actual state and 
confines of a flash at successive intervals over a period 
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of rise and decay of load current, form an important 
support to the conclusions regarding the propagation of 
an are under these two conditions, as set forth in some 
of the foregoing paragraphs. 


The principles set forth in this paper showing the 
very intimate connection between the synchronous 
action of a converter and the flashing at the commutator 
are the outcome of a series of tests extending over 
several years and a careful analysis of all available data 
whether derived from these tests or from other sources. 
It is believed that the conclusions are substantially 
correct and that they can be used to cover other similar 
phases of the problem not mentioned here. By apply- 
ing these principles to the problem of increasing the 
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momentary overload capacity of converters, the follow- 
ing main lines of progress are suggested: 

(1) The improvement of synchronous character- 
istics of the converter installation to obtain high stabil- 
ity and the reduction of the moment of inertia of the 
rotating masses of the converter. 

(2) The reduction of the effectiveness of the 
unbalanced reactions in producing high voltages in 
the commutating zone. (High-reluctance commutat- 
ing poles are an instance of this). 

(8) The prevention of the complete propagation 
or culmination of the arc by the insulation of conducting 
parts around the commutator by means of flash-guards 
and other devices. 

(4) The limitation, by external means, of the 
maximum severity of the surges thrown on the machine. 
(In which might be included the high-speed circuit 
breaker). 

These principles have been utilized in devising suit- 
able means of improving the characteristics of com- 
mercial types of 60-cycle railway synchronous con- 
verters with the result that they have proved them- 
selves much superior to their predecessors. 
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Discussion 


J. L. Burnham: I would like to discuss the paper in the 
reverse order from which it is given. To show the relation of 
Mr. Shand’s paper to previous discussions on this subject, a 
brief review of the bibliography he has appended seems desirable. 
In 1910. Messrs. Lamme and Newbury presented a paper on 
the use of commutating poles in synchronous converters in 
which they implied doubt of their usefulness. Their reasons, 
broadly stated, were: 

Pulsation in the armature reaction and disturbances of the 
normal relation between alternating and direct current with 
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quick changes in load, which caused wide variations in the 
resultant commutating field excitation for a given load. The 
phenomena discussed in Mr. Shand’s paper were qualitatively 
stated at that time and since have been enlarged upon by others. 
Mr. Shand now gives a more definite picture of what occurs 
during sudden changes in load and short cireuits. 

In the discussion of Messrs. Lamme and Newbury’s paper I 
gave results of tests on 25-eyele, 1200-volt converter with a large 
air gap for the commutating pole which gave decided improve- 
ment in performance for heavy loads thrown on and off. 
Since that time it has been the practise to use large air gaps for 
commutating poles of 25-cycle synchronous converters. For 
60-cycle railway converters the large air gap was not sufficient 
to give the desired performance. The effect has been increased 
in the development of high reluctance commutating poles. 

In 1914 Mr. Yardley presented a paper on the use of reactance 
for protection of synchronous converters. The results obtained 
did not seem encouraging and reasons were presented in the 
discussion at that time showing the inherent difficulties that 
would be introduced by the use of reactance, particularly in the 
a-c. circuit. These reasons are further emphasized in Mr. 
Shand’s paper. 

Recognizing these inherent characteristics of converters we 
began work to devise means for eliminating the effeets with the 
view of avoiding damage to the machine and minimizing inter- 
ruptions to service. Two lines of investigations were followed. 

First: To take care of the flash so it would not spread and would 
be stopped when the short circuit was removed and 

Second: To prevent formation of the are. 

The first line of investigation resulted in the development 
of flash barriers and the second in the high speed breaker. A 
paper presented at the annual convention in 1918 by Messrs. 
Linebaugh and Burnham described the investigations and the 
devices then 'developed. At that time we made the first 
claim for complete protection of a converter‘against any dis- 
turbanees in both a-c. and d-c. systems, that would give interrup- 
tions to service no longer than ordinarily resulting from moderate 
overloads that would trip the main circuit breaker. 

In 1919 a line of high reluctance commutating pole 60-cycle 
railway converters was developed and also a new type of 
protected brush rigging was introduced to give greater clear 
distance between brush holders of opposite polarity. The 
high reluctance poles increased decidedly the amount of 
disturbance that the machines would stand without flashing 
and the new type of brush rigging gave much less opportunity 
for the are to spread and do damage. These improvements 
made the 60-eyele railway converter much better for average 
service when protected with the usual devices. 

The next year, 1920, Mr. M. W. Smith presented a paper on 
“Suggested Remedies for Flashing of 60-Cycle Converters” 
which reviewed some of the phenomena involved and described 
tests made on the so-called flash suppressor and protected brush 
rigging. Tests indicate that under very delicately adjusted 
conditions some protection would be afforded but at that time 
the scheme was not considered commercially useful. I assume 
that this is still the status of this line of investigation. 

Regarding Mr. Shand’s conclusions suggesting main lines of 
progress: No 1 is well recognized and I believe has been followed 
by most designing engineers for a number of years past if for 
no other reasons than lower costs. 

2. High reluctance commutating poles were investigated 
about 5 years ago and a complete line of 60-cycle, 600-volt 
converters was developed and standardized in 1919. 

3. Experimental work on flash barriers was done 5 to 6 years 
ago and results were described in a paper presented at the annual 
convention in 1918 and have since been used for certain difficult 
service, but principally for automatically controlled machines. 

4. The high-speed breaker investigation started about six 
years ago. At that time there was no information to determine 
what speed would be required of a d-c. circuit breaker to prevent 
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flashing on short circuit. I recommended that it be made to 
open the circuit within 14 eycle for 60 cycles or 1/120 of second, 
the time in which a commutator bar passes from brushes of 
one polarity to those of opposite polarity. This was about 
20 times faster than existing breakers and seemed a most diffi- 
eult problem but this speed was attained in some breakers built 
about 5 years ago, and a new design, much simpler, stronger 
and cheaper has since been built to give the same high speeds. 

To give a better idea of the form of protected rigging and 
flash barriers, and the performance of machine under short 
circuit, I wish to show some pictures: 

Fig. 1 shows short cireuit on a 25-cycle, 1200-volt converter 
built in 1910.. This is the machine on which experiments with 
large air gaps for the commutating pole were made and which 
permitted 4 times load to be thrown on and off without any serious 
disturbance. However, when short-circuited this machine 
arced over between adjacent sets of brush holders, from brush 
holders to bearings and even to projecting field connection 
strips. The amount of damage to the machine was remarkably 
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small, compared to the pyrotechnics and effect on the operators 
nerves. 

Fig. 2 shows a more modern form of brush rigging assembled 
on a 500-kw., 60-cycle standard railway machine. 

To show more detail of a brush holder bracket, the next 
picture (Fig. 3) is an end view with the insulating end cover 
removed. It will be seen that the rigging is completely enclosed 
by insulating material and that the spring is radially in line with 
the brush. This type of rigging covers a very narrow portion 
of the commutator and g ves maximum clear space on the com- 
mutator over which an are may be established. This increased 
the load disturbances that a machine will stand without flashing 
over but it is not entirely effective in preventing a flashover when 
short-circuited. ' 

Fig. 4 shows flashover with this sort of rigging, the curretn 
being interrupted by a breaker of ordinary speed. Such a 
fiash will generally clear itself, as short circuits in service are 
generally limited by feeder resistance, but oceasionally will 
hang on long enough to trip the a-e. circuit. 

Fig. 5 is a 750-volt, 60-eycle converter having the radial type 
brush rigging and latest type flash barrier. 

Fig. 6 is a perspective and eross section of the flash barrier, 
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the action of which is explained as follows: when short eireuit 
oceurs the are is formed between the brushes and the leaving 
commutator segments, being drawn out in direction of rotation as 
shown by the arrow and expanding outward. The are is mechan- 
ically scooped from the commutator by the pointed barrier 
which has metal inserted in its face. This metal and the barrier 
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as a whole has a cooling effeet, reducing the are in volume and 
directing where it can de no harm by completing any further 
short-circuit paths. A second and third scoop shaped barrier 
are also provided as additional factors of safety in ease of 
poor adjustment or defect of the first barrier. It is seldom 
that the second barrier is ever required to move any of the are 
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from the commutator. The member at right angles and in 
front of the first barrier shown more clearly in the perspective 
splits the are and confines that portion developed in the front 
of the two sections in their respective sections so they do not 
pile up at one corner, thus avoiding the escape of condueting 
gases under the side member. This form of barrier allows free 
expansion of gases. by proportioning the expansion chambers 
with inereasing area at increasing distances from the commu- 
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tator. Furthermore, it being low, releases the gases quickly 
after changing their course and allows free dissipation in the 
open air. 

As has been previously shown for the radial type of protected 
brush rigging, it is not sufficient to have the brushes and holders 
surrounded with the insulating materials. It has been demon- 
strated that the are, when formed must be quickly lifted from 
the commutator or otherwise quickly and definitely disposed 
of to insure against interruption to service. 

Fig. 7 shows a short circuit on two 750-volt, 60-cyele converters 
in series for 1500 volts, protected by flash barriers and circuit 
breaker of ordinary speed. The current was approximately 
20 times full load. The exposure of the negative was throughout 
the short-circuit period. It will be seen that the are is seooped 
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from the commutator by the first barrier and thrown out almost 
radially where it'can do no harm. Sixty-six of these short circuits 
were applied in succession and no appreciable burning or damage 
done that would prevent the:machine from carrying its usual 
loads. The photograph is the 46th short circuit and is representa- 
tive of all. This is probably the most severe short-circuit test 
ever applied to a commutating machine, the current in each of 
the 66 tests being about 20 times full load. 

Fig. 8 is a side view looking down into the barrier, showing 
how the are is confined to the first expansion chamber following 
the brushes. It is evident how the are splitter holds the are 
from moving sidewise. 

As a-c. disturbances may also cause flashing, barriers are 
equally useful in such emergencies. 

Fig. 9 is a short circuit of the same machine protected with 
barrier and high-speed breaker, two machines being operated 
in series at 1500 volts. It will be noticed that the high-speed 
breaker has so reduced the sparking unit that it is only slightly 
visible 7 
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Fig. 10 shows the 750-volt, 60-cycle converter with flash 
guard removed after it had been subjected to 50 high-speed 
short circuits. The commutator, brushes. and barriers were 
unburned. The only mark indicating that short cireuits had 
occurred were slight soot deposits. 


Fria. 5—Raprat Unir Type Riacina with FiasaH Barriers, 
300 Kw., 60-CycLe SyNcCHRONOUS CONVERTER 


It will be noticed that the barriers have three point supports 
and may be quickly removed by unserewing three nuts. 

Fig. 11.is a view of 1500-kilowatt, 600-volt, 50-cycle machine 
with a different type of brush rigging undergoing short circuit 
with barrier and high-speed breaker protection. The total 
amount of sparking is completely visible and will be noticed as 


a small triangular point of light. The barrier was not needed 
for protection in this case but is presented as a good view to 
show the construction. 

J.J. Linebaugh: The conditions existing in d-e. generators 
and synchronous converters under load and short-circuit con- 
ditions are radically different, due to the interconnection of the 
a-e. and d-e. circuits so that commutating conditions are vitally 
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affected and different ied have | to be used to Beguee a 
good commercial machine. 

Figs. 9 and 10 in the paper show very clearly the reason 
for the flashing of a synchronous converter under rapidly de- 
creasing load, due to opening of the cireuit breaker and the 
great benefit obtained by the use of a high-speed cireuit breaker. 
It is evident that the high-speed breaker removes the cause of 
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the high voltage generated between bars as shown in Fig. 9, due 
to the fact that the short circuit is prevented from reaching a 
high value and reduced in a very short interval of time. - The 
resulting ampere second load is so small and of such short dura- 
tion that it does not cause great enough armature displacement 
to give sufficient voltage difference to hold an are when the com- 
mutator bars move from one brush holder to the next. 
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tator, is superior to the narrow barrier deseribed by Mr. Shand. 
These barriers are applied to all machines above 750 volts, as 
standard practise, in addition to automatic substation machines, 
and have been very successful in actual operation for several 
years. 

The 60-cyle 750/1500-volt machines shown by Mr. Burnham, 
have all the improvements in design developed during the last 
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few years and their behavior under test indicates that they are 
practically equal to the 25-eyele converter in every way. 

Mr. Shand has not covered the effect of operating the rotary 
converter at poor power factor due to weak or strong shunt 
fields, and oscillograms similar to Figs. 5 and 9 would be of 
interest. 

One advantage of the barrier, not brought out, is its ability 
to take care of flashing caused by a-c. disturbances of any kind. 
The high-speed breaker does not take eare of this trouble, 
but the barrier prevents flashing over from such causes and the 
combination of the two types of protection as stated in the 
1918 paper by Mr. Burnham and the writer, gives absolute 
protection under all short-circuit conditions. 

E. B. Shand: The intention in writing this paper was not 
so much to set forth any new principles or any radical conelu- 
sions as to present the problem of converter flashing from a 
standpoimt which has been in the past, it is felt, somewhat 
neglected. It has not been entirely neglected, for as Mr. Burn- 
ham has stated, most of the facts of the case have been stated 
at one time or another, but usually without proper correlation 
and seldom with any adequate experimental substantiation. 
The author, however, wishes to acknowledge a debt to the 
results of some unpublished work done by Mr. C. E. Wilson in 
1910 under the direction of Mr. B.G. Lamme. This comprised 
tests and calculations on a converter in short cireuit with ref- 
erence to the inertia energy involved. 


With respect to Mr. Burnham’s references to the conclusions 
of my paper, these are not intended to be regarded as being a 
departure from present practise. All of the principles involved 
have been well recognized and to find the first developments 
of any one of them, it would be necessary to go back at least a 
deeade. 

The performance of the 750-volt, 60-cycle converters as shown 
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in Fig. 7 of the paper is indeed striking. It is a demonstration 
of machines immune from destructive flashing under extreme, 
severe conditions. The result of a dead short-circuit test on 
the 500-kw. converter referred to in the paper is shown here- 
with, in Fig. 12. A eireuit breaker of the ordinary type was 
used on this test, but the flash guards used were considerably 
simpler in form than those deseribed by Mr. Burnham. The 
condition of the machine was, in fact, practically the same as 
for Fig. 9 of the paper except that it was completely short- 
cireuited. The current rose to 22 times its normal value, at 
which point a flash of limited proportions occurred. The ma- 
chine dropped out of step and later dropped back a second 
pole into step again. Spitting occurred in both instances, as 
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would be expected, for the condition would be the same as syn- 
chronizing with the brushes down after starting. As may be 
seen from the oscillogram, the flashing was never destructive, 
and there was no injury done to the machine beyond a slight 
blackening of the commutator so that there was no reason why 
the machine might not have been put directly back into service. 

In reference to the function of flash guards, I do not thoroughly 
agree with their principle of operation as given by Messrs. 
Burnham and Linebaugh. It is stated that the flash guard 
accomplishes its results by scooping the flash from the eommu- 
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tator; this may be true to a certain extent but to a greater 
extent it is the effect of choking off the core of the are which 
makes it unstable and breaks it. For instance, Fig. 13, take 
the ease of an are struck between two electrodes, one electrode 
projecting through a plate of insulating material. If this 
electrode be now withdrawn, the are is confined at one point 
to the dimensions of the hole, and if this be small enough the 
attenuation of the are will quickly break it. When as one of 
these electrodes a bar passes under a guard, the are is attenuated 
in the same manner and broken. (Fig. 14). 
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Review of the Subject.—The solution of some advanced 
problems on alternating currents leads to rather complicated 
trigonometric transformations. Let now, in addition to the real 
sinusoidal currents and voltages, certain imaginary currents and 
voltages be assumed to exist in the same circuit. These imaginary 
quantities may be selected of such a magnitude and phase that to- 
gether with the real quantities they will give simpler mathematical 
expressions than the real quantities alone. In the final results the 
real and the imaginary terms can be readily separated, because an 
imaginary voltage cannot produce a real current, and vice versa. 

This method is based on some remarkably simple properties of 
certain mathematical functions which contain a real and an imagin- 
ary term, as compared to the properties of similar functions con- 
taining real variables only. 

The following two analogs may make this method clearer.. 

A. Inorderto make extremely fine platinum wire, a piece of heavier 
platinum wire is coated with silver and then passed successively 
through several dies until it is reduced to the smallest practicable 
size. Then the tubular coating of silver is dissolved in nitric acid. 
It would not be possible to draw platinum alone to the same size. 
Here the use of silver is analogous to that of imaginary quantities 
in alternating currents. Silver is carried along in the operations 
and separated in the end. 

B. In the manufacture of common ether, sulphuric acid is 
combined with alcohol and carried through certain operations. 
In the end this sulphuric acid is separated and used over and over 
again. Sulphuric acid in this case may be likened to imaginary 
currents and voltages which are added to real quantities at the begin- 
ning of the problem and separated in the end. 


The immediate occasion for the writing of this article was a 
paper by Mr. Gilman referred to under (2) in the article. Had 
Mr. Gilman used superimposed imaginary currents, several pages 
of tedious mathematical transformations could be saved. 


A more general reason for writing this article was a desire to 
bring this method to the attention of American engineers. It is 
hardly mentioned in American text-books, while it is quite well- 
known in England and on the Continent of Europe. As is stated 
in the introductory paragraph to the article, the method is not new, 
and the ecamples quoted are too self-evident to claim any originality. 
A brief introduction to the method will be found in the author’s 
“Electric Circuit,” p. 97. 

The importance of the method lies in the possibility of solving 
certain electrical problems ina shorter and more direct way, and 
possibly in making the solution of certain problems feasible which 
in the ordinary way lead to too complicated expressions. It is a 
mathematical tool, and as such should find its place among other 
useful mathematical methods used in the solution of physical and 
engineering problems. 
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OBJECT OF PAPER 


HE object of the following remarks is to show 
4p the advantage of using exponential expressions 
of an imaginary variable in the solution of vari- 
ous problems involving alternating currents. While 
the method is not new, and has been used by writers 
like J. J. Thomson for a number of years, it does not 
seem to be sufficiently well-known to American elec- 
trical engineers, who continue to use more cumbersome 
methods involving long trigonometric expressions. In 
order to show the wide scope of application of this 
method, three entirely different problems are solved 
below, namely: 


(1) To find the current in a circuit containing a 
resistance, a reactance and a capacity in series. The 
solution is based on the superposition of an imaginary 
e, m .f. upon the given terminal voltage. 

(2) To find the distribution of eddy currents in a 
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rectangular conductor in an armature slot. The prob- 
lem is solved by superimposing imaginary eddy currents 
upon the real ones. 

(2) To find an expression for a gliding m.m.f. or 
flux due to a symmetrical n-phase system. A simple 
expression is found by adding imaginary m. m. fs. to 
the real ones. , 

GENERAL CONSIDERATIONS 

Let an alternating voltage E cos wt be applied to 
an electric circuit and produce in it certain currents 
and fluxes (magnetic or electrostatic, or both). The 
usual theoretical investigation of such a circuit, even 
without the transient part, is somewhat unwieldy 
because some terms in the equations contain sin wt 
while others contain cos wt. We shall assume there- 
fore that an addition to the real voltage, H cos w t, an 
imaginary voltage j E sin w ¢, acts upon the same cir 


cuits, where 7 = “—1. The total ‘‘complex”’ voltage’ 


is 
e=EHecoswt+jHsinwt = Hexp.jwt (1) 


where 
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exp.j7wt = &” wt 
The real part of the voltage EH exp. j w t reaches its 


positive maximum at the instants wt = 0, wt = 2,7 
ete. The real part of the voltage 

e = exp.j (wt + 7) (la) 
reaches its positive maximum at wt = — Y, that is, 
it leads the first voltage by the angle Y. In practical 


applications it is sometimes convenient to write the 
second voltage also in the form E exp.) wt, only in 
this case E' is no more a real quantity but a complex 
constan tof the form EF exp. 7 Y, where angle Y must be 
given separately. Thus if in equation (1), E is under- 
stood to be a complex quantity, then the equation 
represents a system of two equal sinusoidal voltages 
of the same frequency, a real and an imaginary one, 
in quadrature with one another. The exponential 
part of the factor E’ gives the angle by which this 
system of two voltages leads a reference system in 
which the real part reaches its maximum at t = 0. 

This simplification is of extreme importance because 
in many cases it allows us to dispense with the longer 
notation (la) and to use the shorter notation (1), no 
matter what the phase of an alternating quantity 
might be. The proper phase is included in the com- 
plex expression for the amplitude. 

A complex voltage (1) produces in the circuit a 
complex current, the real voltage giving rise to a real 
current, and the imaginary voltage to an imaginary 
current. We-thus can express the total complex current 
as 

+= T exp:ji0t (3) 
where, generally speaking, J is a complex quantity out 
of phase with the complex voltage HE. Expressions 
(1) and (3), when used in the equations of a circuit, 
give simple relationships among its constants because 
any derivative or integral of the exponential function, 
exp. j wt, with respect to t, is equal to the function itself 
multiplied by a certain constant, and thus the exponential 
factors drop out of the result. 

1. A Cirewit Containing Resistance r, Inductance L, 
and Capacity C in Series. The well-known differential 
equation of state is 


(4) 


where q is the condenser charge. Differentiating with 


respect to the time we get 


1. In this article the notation exp. 7 wt is used in place of the 
usual exponential notation, because the first form is better 
adapted to the modern mechanical typesetting. While the 
difference may not be of importance in a mathematical deduction 
in which exponential terms occur infrequently, it seems pre- 
ferable to use the straight ‘lower case’ notation in the fol- 
lowing problems because the formulas are predominantly of the 
exponential type and the principal transformations oecur in the 
exponents. We are used to the expression log x and there is no 
reason why the inverse function, exp. x, should not be written 
without using superior letters. 
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acme 
Substituting the values of e and 7 from equations 
(1) and (3) in equation (5), gives 
Lj? wlTexp.jwt+rjwlexp.jwt+ (I/C) exp.jwt 
= Ej wexp.j wt. 
The factor exp. j wt may be canceled on both sides of 
the equation, and we get 
IT[-Lw+jrw+I1/C| = Ejw. 
Multiplying both sides by —j7 and dividing by w 
this expression is brought to the usual form 
[[r+j@w—-1/Cw)] =# (6) 
from which the well-known expressions for the im- 
pedance, z, and the phase displacement, ¢, of the circuit 
may be derived. Namely, put 


de 


dz 


Lipp Re 


r=zcos@ ) 
1 . 
Ee 6) Beanies (7) 
Equation (6) then becomes 
Izexp.j¢=E (8) 


which means that numerically the voltage is equal to 
the current multiplied by z, and leads the current by 
the angle ¢. The whole treatment does not involve 
the use of the expressions sin wt and cos w tat all. 

2. The non-uniform alternating-current density A 
in an embedded armature conductor of rectangular cross- 
section is expressed by the partial differential equation 

i 

in which w = 27/f has the same meaning as before, 
a is a physical constant, t is time and «x is the distance 
from a reference plane. For a derivation of this ex- 
pression see for example R. E. Gilman, “‘Eddy Currents 
in Armature Conductors,” A. I. E. E. TRANSACTIONS, 
1920. We are not concerned here with the proof of 
this equation but merely with its solution using imagi- 
nary currents. With a sinusoidal applied voltage, the 
current density in each layer d x varies according to the 
sine law with the time, but is different in amplitude and 
in phase from layer to layer. Superimposing in each . 
layer a quadrature imaginary current upon the real 
current, we may put the complex current density in the 
form 

A=uexp.jwt (10) 
where w is a complex function of x and takes into ac- 
count the distribution of the current in the cross- 
section of the conductor. Substituting the value of 
A from equation (10) in equation (9) and cancelling 
the exponential term, we get 

Pu 
d x? 

This differential equation does not contain time and is 
much simpler than the original equation (9). The 
well-known solution of equation (11) is 


apa (11) 


u = Pexp. Bx +Qexp. (— Bx) (12) 
where P and Q are complex constants of integration, 
and Ris 

B=(1+jf)a=avV/2j 
Thus, the complex flux density is 
A = Pexp.(Br+jwt) +Qexp. (— Bxr+jwt) 
(14) 
Separating the real part of this expression from the 
imaginary, a formula is obtained for the true current 
density in the conductor, at any instant ¢ and at any 
point corresponding to the distance x. A perusal of 
Mr. Gilman’s article will readily show the advantage 
of the above method as compared with the use of long 
trigonometric expressions which lead to simultaneous 
equations. 

3. Polyphase Gliding Magnetomotive Force. It is 
known to students of polyphase machinery that n 
alternating sinusoidal magnetomotive forces of ampli- 
tude M each, differing in time by 2/7 n from each other 
and shifted in space by 2 2 /n, produce a uniformly 
guding magnetomotive force of amplitude 4nWM. 
See, for example, E. Arnold, Wechselstromtechnik, 
Vol. III (1912), p. 241. The usual proof may be 
simplified by superimposing imaginary magnetomotive 
forces upon the real. To simplify the formulas further 
we select such a unit of time that one cycle of current 
takes place in 2 7 units of time. Then variations 
of a magnetomotive force with the time are expressed 
by the factor cost, because w= 1. Similarly we 
select such a unit of length that a complete wave of 
magnetomotive force occupies 2 7 units oflength. The 
variations of the m.m. f. in space are then expressed 
by the factor cosx. Thus, an instantaneous m. m. f. 
due to the first phase, at a point x and at an instant t 
is 


(13) 


m'’ = M costcosx (15) 
We now superimpose upon this m. m. f. an imaginary 
m.m.f in time quadrature and in space coincidence 


with it, that is, one of the form 7 Msintcosz. We 
then get the following complex wave: 
m = M cosxexp.jt (16) 


But according to a well-known formula of trigo- 
nometry of complex angles 


Cosx = \% [exp.j x + exp. (—j2)] (17) 
so that equation (16) becomes 
m = 16 M [exp.j (t + x) + exp.j (¢— 2)] (18) 


The factor cos (¢t + x) corresponds to a wave gliding 
synchronously towards decreasing values of x (say to 
the left), while cos (¢t— x) corresponds to a wave glid- 
ing towards increasing values of x (to the right). See 
for example the author’s “Magnetic Circuit,” p. 126. 
Thus we obtain the well-known result that a pulsating 
m.m. f. or flux of amplitude M may be resolved into 
two oppositely gliding m.m.fs. or fluxes, each of 
amplitude 14 M. 
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We now shall consider the real m. m. f. in each phase 
as being supplemented by a quadrature imaginary 
m. m. f. wave, and the resulting complex pulsating wave 
resolved into two oppositely gliding waves, as before. 
By analogy with equation (18), the expressions for 
these waves will be as follows: 


m, = 4 Mexp.j ((+O0+%2+0) 
+ o4 Wexp Gt 0) ot 
m, = 4% Mexp.j(t +6 +2 4+ 6) 
+ 14M exp.j[(t + 6) — (x + 6)] 
m, = 4% Mexp.j (t+26+2420) 
+ 144 Mexp.jl(t + 26) — (x + 256)] 


etc. ete. 
In these expressions the angled represents both the time 
and space displacement between two adjacent phases, 
that is, 


(19) 


6=27/n (20) 


To find the resultant m. m. f. due to all the » phases, 
we have to form the sum of m,; + m,. + m3 + ete. It 
will be readily seen that 6 disappears in all the second 
terms on the right-hand side of the equations (19). 
All these terms are equal to each other and their 
sum is equal to 44nM exp.j7 (t— x). The sum of 
the first terms on the right hand side is equal to zero 
because 
1 + exp.j7 26 + exp.j7 46 + etc. = 0 (21) 
In order to see this, think of 1 in equation (21) as 
representing a unit vector. Thenexp.7 26 = cos26 + 
j sin 2 6 represents a unit vector turned with respect 
to the first one by the angle 26. See the author’s 
“Electric Circuit,”’ p. 94. Similarly the term exp. 7 4 6 


. represents a unit vector at an angle 46 with the first, 


or forming the angle 26 with the second, ete. Thus, 
equation (21) represents a geometric addition of n 
unit vectors, each turned with respect to the pre- 
ceding one by the same angle 26 =472/n. Graphi- 
cally such a sum corresponds to a regular closed polygon, 
that is, the sum of the vectors is equal to zero, whether 
n is an odd or even number. 

Having proved equation (21) we apply it to the sum 
of the first terms on the right hand side of equations 
(19) by factoring out 4% M exp. (t + x), and thus show 
that the result is equal to zero. Consequently, the 
whole polyphase m. m. f. is due to the second terms and 
we may write: 

total complex m. m. f. = 44n Mexp.7 (t — x) (22) 

The imaginary part may now be dropped, and we 

obtain the following final result: 

total real m. m. f. = 4M cos (t — x) (23) 
The resultant m. m. f. in this case is gliding to the right 
because the exciting currents have been assumed to 
lag in the consecutive phases from left to right. With 
an opposite assumption the resultant m.m.f. would 
glide to the left. 
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Discussion 


R. E. Doherty: The scheme presented in this paper is 
highly useful, not only to electrical engineers, but also to me- 
chanical engineers—indeed, useful in any problem which involves 
sine functions of time and in which the transient term is not of 
importance. And even if the transient is important, the particu- 
lar solution of the permanent condition can be written down 
easily by this method. Making this possible, it certainly must 
be regarded, as the author says, a useful engineering ‘‘tool.’’ 

The paper does not emphasize sufficiently either the utility 
or the limitations of the scheme. For it is merely a scheme like 
other mathematical schemes, such as Heaviside’s Operator, 
which works in some cases and not in others. 

Of the three types of problems illustrated in the paper, the 
first is, I think, the most important in respect of the number 
of problems encountered in engineering, although of course its 
value in the rarer types 2 and 3, is also shown. And it is the 
former type to which the application of the method is the simp- 
lest. The author reviews how the addition of an imaginary 
term of equal magnitude to the real term, that is by the addition 
say of 

jEHsin(wt+ y) 
ep 

Heos(wt+ y) 
gives the vector identity, 

E [cos (wt + y) +jsin(wt+ y)] = EF det”) 
that is, a vector of constant magnitude and rotating by the time 
angle wt. Making a similar addition to each sinusoidal time 
variable in the problem, and substituting in the differentia] 
equation gives,' as each term, the product of a scalar quantity 
and a unit vector of the exponential form 
eJ(wt +7) 
But wit) = et jut 

By thus separating out the time angle unit vector «/@! in 
each term, the vector may be canceled out of the equation, leay- 
ing only the product of a sealar, say H# or J, and a stationary unit 
vector /’ or /%, where ; and @ are phase angles of these vec- 
tors with respect to a common reference. The process therefore 
starts with the problem expressed as trigonometric functions 
of time, and ends with the problem represented as a system of 
staionary vectors. 

Following out the process as applied to equation (5), gives 

PR eLI IX* +f orl d®* +1/C I* =j wE J@ 
Taking voltage as zero vector, and substituting j? = — 1, 
—~wLhI Jd? tj arl d@+1/C d*& =j wE oJ? 
where ¢ = phase angle between voltage and current. 
Using vector notation, 
E=£ J¢ 
fia 7 i? 
and solving E 
r+j(wLb —I/#C) 
which is equation (6). But it should be remembered that # in 
(6), although the same notation as in (1), is nevertheless a vector 
in (6), but sealar in (1). 

From the foregoing equations, it is obvious that the process 
is equivalent to the substitution, directly in the differential equation, 
of d 

dt 


and writing the variables as vectors. 


= J w 


d ; 
That is, representing ces by the usual notation p, 


peers ia 
p= — 
pt = —j w'- etc.’ 
1. Since either the differ°ntial or integral of an exponential is again 


the exponential. 
2. This was proposed in 1917 by Mr. A. Press in discussion of paper 
by V. Bush on “Oscillating Current Circuits,’’ A. I. E. E., Vol. 36, p. 207, 
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In other words, the solution is immediately written down with- 
out, in each case, going through the process of substituting the 
imaginary term: which process, I fear, may appear to be neces- 
sary both from the text and the analogs given. The possibility 
of the above direct substitution would not, I think, be obvious 
from the paper to most engineers unfamiliar with these forms. 

As to the limitations of the method: none is stated except 
that the variables against time shall be sinusoidal; but there are 
limitations which I believe are not obvious. A mathematical 
equation is applicable only under the assumptions it contains. 
In the present case, the fundamental assumption is that imagin- 
ary terms shall remain imaginary, and real terms, remain real. 
Thus no products must appear, since two imaginary terms mul- 
tiplied together give a real product. I would therefore ask the 
Author: since in the method, each variable contains an imagin- 
ary component, does it not follow that, unless new definitions 
are added, the method is applicable only to linear differential 
equations involving sinusoidal functions of time; that is, it is not 
applicable, without new definitions, to equations involving 
products of variables, or products of a variable with the 
differential coefficient. 

I mentioned at the outset thatthe method is useful in me- 
chanical engineering problem. An illustration is the design of 
flywheels for reciprocating engines or compressors connected to 
synchronous machines. The equation’ of the system of forces 
is 


ee tra pyiee dS peleing 
E p= fitt) 
dt? ee ; 

where 

I = moment of inertia of rotating masses. 

6 = mechanical angular displacement from a _ reference, 
rotating at the average, or synchronous, speed. 

Tq = damping torque, corresponding to a phase shift at the 
rate of 1 mechanical radian per sec. 

T, = synchronizing torque, corresponding to one mechanical 


radian displacement.* 

applied force as function of time. It is the fluctuating 
component of the crank effort; that is, the difference 
between the total impressed torque and that which is 
consumed as load and friction. Although of com- 
plicated form, it is resolved into a Fourier’s Series, 
and each sinusoidal component considered separately. 
Thus applying the method proposed in the paper, 

—I yn* O+7 on Vg O, + Le In ay 
where a and 8, are respectively the vector force, and vector 
displacement angle of the nth harmonic. Thus 


iis 


jiGn Tat (Ey = I fy) 


the phase angle between the force and displacement being 


“~s 
= 
ll 


Pe 


Ona 
Te core 


Each component is thus computed, and plotted as waves to 
determine maximum. 

I therefore consider the method proposed in the paper as 
a very important mathematical device, and have hoped by this 
discussion to encourage its greater use. 

J. B. Whitehead: Methods of solution of differential equa- 
tions are of especial interest in two connections, one when a new 
type of equation presents itself for solution, and the other when 
teaching the phenomena whose sequence is expressed by the form 
of the equation. 

The complete solution of the simple a-e. cireuit, the first 
example used by Professor Karapetoff in calling attention to the 


¢ = tan 


3. Equation (1) in paper on Flywheels, A. 8S. M. E. December 1920, by 
R. E. Doherty and R. F. Franklin. 

4. Obviously no such displacement could occur within operating limits. 
It is simply a proportionality factor which holds approximately in the 
limits considered. 
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method of superposed imaginaries as an aid to solution, has been 
known for years. Consequently its chief value here must be 
only as an illustration of a mathematical method. However, 
there is an element of danger in the use of the method in this 
ease, since it does not lead to the complete solution of the equa- 
tion of the simple a-c. circuit. The transient term on closing 
the circuit does not appear and is neglected. As is well known, 
there are many instances in practise when this term is of great 
importance. Professor Karapetoff clearly recognizes this, and 
will doubtless reply that the exponential form may also be used 
for the complete solution, but in this case, as he well knows, all 
the simplicity of method to which he ealls attention disappears. 
Therefore, for the purposes of teaching, in this case the method 
appears to me to have little value and, in fact, to be open to 
criticism. Its brevity and simplicity make a powerful appeal, 
but it does not completely cover the problem. While I have had 
the method in my notes for a number of years, as have many 
other teachers of this subject, I have avoided using it, feeling 
that in doing so I would shirk a measure of responsibility in not 
giving the complete solution. 

In the second example the author is on very much surer 
ground. He presents an apparently new equation which 
demands solution. Here the simplicity of the method has 
apparently facilitated the solution, leading to conclusions which 
it was possible to check in practise. I have not read the original 
paper describing the experiments and I think it would be of 
interest if Professor Karapetoff would say a further word as 
to the agreement between the results to be expected by the solu- 
tion of the equation and those noted in actual observation. 

In the third case we have again a problem whose solution 
has been known for some time. The method therefore should be 
considered from the point of view of its usefulness in explaining 
the phenomenon involved. I confess that I do not see its value 
for obtaining the intensity of a gliding or rotating magnetic 
field due to a polyphase system of electromotive forces. The 
various transformations through which the author has to pro- 
ceed in order to obtain the result, seem to me to confuse the 
comparative simplicity of the physical relations underlying 
the type of field in question as related to the circuits setting it 
up. By use of the ordinary complex expressions for the several 
electromotive forces, and their successive resolution into two 
directions in space, lead to simple series for the two sets of 
components which can be immediately evaluated in single terms. 
This method described by Steinmetz in one of his early works 
has the advantage of keeping clearly before us the simple ele- 
ments of the exciting circuits and the resulting magnetic in- 
tensity. 

Thus, while recognizing the simplicity and beauty of the 
method as applied to new unrecognized problems, I question 
its value for the purposes of explaining the phenomena repre- 
sented by the equations. 

P. Trombetta: The fundamental principle upon which 
all caleulations of electric circuits are based, is that the constants 
of the cireuit remain unchanged after an e. m.f. is applied to 
it. In Prof. Karapetoff’s exposition it is tacitly assumed that 
the constants of the cireuit remain also unchanged if we apply, 
instead of a real e. m. f., a complex one and since the applica- 
tion of a complex e. m. f. yields an easier solution, it is better to 
study the cireuit by the application of a complex e. m. f. rather 
than a reale.m.f. If we replace the word e. m. f. by the word 
force, which may mean any kind of force whatsoever, and if we 
replace the word cireuit by the word system, we have the general- 
ized theorem that: the study of a system, which by the applica- 
tion of a force gives rise to oscillations and losses of energy, is 
always simpler when the force applied is sinusoidal and ean be 
expressed as an exponential function of time. 

W. V. Lyon: If I understand Prof. Karapetoff correctly he 
is, in effect, making a plea for the veetor method of solving 
alternating-current problems rather than that method in which 
the instantaneous values of the quantities are represented by 
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trigonometrical expressions. As a mechanism for solving 
problems in which the electromotive forces and currents vary 
sinusoidally a comparison of the methods soon convinces one 
of the superiority of the vector method. Unfortunately, as 
Prof. Karapetoff says, it is not widely appreciated to what 
extent the vector method may be used. We are all familiar 
with its application:to the steady conditions in simple electrie 
circuits and in a-c. machinery, and perhaps to a lesser degree, 
in long transmission lines. Moreover, it is exceedingly useful 
in the solution of the current distribution in round wires or in 
rectangular armature conductors, and of the flux distribution 
in transformer laminations. | In these eases the angular velocity 
of the vectors is areal number. The letter ‘‘ w’ is usually used. 
Rather recently it has been appreciated that the vector method 
can also be applied to the solution of the transient conditions 
that are obtained in transformers, synchronous and induction 
machines. This latest application gives an exceedingly power- 
ful and simple method of attack. In the problem of the transi- 
ent condition the angular velocities of the vectors are not real, 
but may be represented by complex numbers of the form (—a@ 
+jw). The w gives the real angular velocity of the vector 
and the @ determines the rate at which it shrinks exponentially. 

While Prof. Karapetoff has made no direct plea for the vector 
method the writer has so chosen to interpret his argument. 
The symbolism £ ./“t has been used to represent a rotating 
vector by mathematicians for many years, long before the nota~ 
tion was introduced into electrical engineering. There are, 
moreover, other simpler and just as powerful vector notations. 
The solution for the current density in rectangular armature 
conductors is very simply expressed in terms of hyperbolic 
functions, more simply the writer believes than in the manner 
Prof. Karapetoff suggests. 

If we assume that the applied e. m. f’s. vary sinusoidally, 
with either constant or damped amplitudes, and the cireuit 
constants do not vary, all resulting currents will vary sinu- 
soidally as do the applied pressures. In such a case we might 
well agree that it was superfluous to indicate this obvious varia- 
tion. There can be no doubt but that this apparent lack of any 
convention to represent sinusoidally varying currents and 
pressures is extremely simple. 

The writer looks upon it as fortunate that we have a variety 
of symbolisms that may be used in the solution of problems 
inasmuch as the student may choose for himself the method 
that best suits his understanding. Those who are not familiar 
with the notation that Prof. Karapetoff presents are thus in- 
debted to him for bringing to their attention so powerful a 
method. After all, the best mechanism for the individual 
student to use in solving problems is that which is not only 
simple to manipulate but which keeps before him most clearly - 
the physical reactions involved. 

V. Karapetoff: Mr. Doherty is right in saying that in prac- 
tical applications, in linear differential equations, is it perfectly 
safe to use j ® in place of d/dt and — a2? in place of d?/d #?. 

This is, however, not a substitute method but a direct result 
of expressing the current as an exponential function. In equa- 
tions involving products of complex quantities, if one of the 
quantities is simply an exponential impedance operator which 
does not contain time, the method is still applicable. But if 
an equation contains a product of an exponential current and an 
exponential voltage, the result is a double frequency power and a 
constant average power. A new convention is then necessary 
as to the interpretation of the results. 

Dr. Whitehead doubts the advantage of the exponential no- 
tation when the transient term is not negligible. He will find 
Section IV of Dr. Steinmetz’s book on ‘‘Transient Phenomena”’ 
treated in the exponential form to a good advantage. As to the 
third illustration in my paper, E. Arnold in his Wechselstrom- — 
technik solves the same problem by means of sine and cosine 
functions, and I believe that a comparison will show a decided 
advantage in favor of the complete notation. 
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Review of the Subject.—Overhead grounded wires have 
been in extensive use since the construction of the earliest trans- 
mission circuits. The fundamental theory of their protective value 
is based on Faraday’s ice-pail experiment. As the resulting law 
goes, there is no electrostatic field emanating from the inner surface 
of a charged hollow conductor. The parallel grounded wires do 
not surround the power wires. Consequently the protection of 
these grounded wires against induced electric charges by thunder- 
clouds, is only partial—usually of the order of 25 to 40 per cent. 

It might be erroneously inferred that several decades of use of 
the overhead grounded wire had established by practise its value. 
The several factors involved in its use do not lend themselves easily 
to experimental observations. For example, power lines extend 
over hundreds of miles, while any particular induced charge is 
localized at some point in these vast distances. Taking into account 
the brief period of a lightning stroke, the unwilling observer stands 
a small chance of being near the point of discharge. Furthermore, 
thunder-clouds differ from one another. Still further, at the instant 
the lightning bolt takes place the distance from the thunder-cloud to the 
power wires varies quite indefinitely. In fact, there is a long list 
of difficulties involved in experimental observation of the effect of 
cloud lightning on power wires. As a result, except for a few 
small-scale experiments performed in the laboratory, knowledge 
of the subject is confined almost entirely to theoretical analyses. 
This paper is an addition to the theory but it is not of a mathe- 
matical nature. 


Conditions of protection have changed in recent times. There- 
fore, in this paper the definite conclusion is drawn that the expense 
of overhead grounded wires on wooden pole lines is, in general, 
an economic waste. In particular cases it may be justified. On 
metal tower construction the use of the overhead grounded wire 
is, in general, fully justifiable. 

The analyses in this paper were made for presentation to a 
Public Service Commission. This Commission, on reconsideration, 
reversed its order that an overhead grounded wire should be installed 
on a 13-kv. transmission circuit supported on a wooden structure. 


Review of New - Material. — References to the technical 
literature on the subject of overhead grounded wires are given in the 
bibliography which follows the paper. For those familiar with 
the subject there is given below a brief review of several parts of the 
paper which emphasize the recent additions to the knowledge of 
the subject. 

1. Analysis of the functions of the overhead grounded wire under 
nine distinct parts, where previously only three functions were 
classified. 

2. Recognition that the requirements of the overhead grounded 
wire are less than formerly. In the early days the overhead grounded 
wire was needed to assist lightning arresters, but today the arres- 
ters have sufficient discharge rate not to require the assistance 
of the grounded wire. 

3. Analysis which points out that the overhead grounded wire 
protects only for a specifically limited range of voltage. It is 
no protection for induced voltage below the normal arc-over value 
of the insulator, and no protection when the induced lightning volt- 
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age is sufficient to arc-over the insulator in spite of the presence 
of the grounded wire. 

4. Appraisal of the weight to be given to each of the nine functions 
of the overhead grounded wire and considerations of its cost lead to 
the conclusion that, barring exceptional cases, it is an actual detri- 
ment when placed on semi-insulating structures, such as wooden 
pole lines. Used here the overhead grounded wire lowers the arc- 
over voltage of lightning. 

5. The overhead grounded wire with considerable sag cannot be 
considered as a mechanical support to rigid tower structures. 


6. Analysis is given to show that the overhead grounded wire 
on a metal tower line loses its function in protecting arc-over of 
insulators in proportion to the earth resistance at the legs of the 
tower. Haperimental proof is not available at present. Also the 
values of ohmic resistance at tower legs which will destroy the pro- 
tective value of the grounded wire to prevent arcing over insulators 
are not available. Metallic connections of a tower of high earth 
resistance to an adjacent tower of low earth resistance have little 
if any beneficial effect in protecting the insulator from lightning. 
The horizontal distance is too great. 

7. On a grounded neutral system experimental tests of a short 
circuit of a single phase showed the necessity of connecting the 
overhead grounded wire to the station earth connection to reduce 
the earth resistance to a safe value. Otherwise the neutral rose 
so high in voltage during short circuit as to gump-spark into the 
low-voltage wiring of the station, blowing fuses. and affecting the 
switch control. 

8. Looking to the future, the overhead grounded wire, by lowering 
the general resistance to earth of all towers to the passage of 
accidental short-circwit current (of the generator, not lightning) 
will have a valuable function in connection with arc-suppressors. 
This function is really the one already recognized as an aid to proper 
operation of relays. 

A General Conclusion.—As applied to metal structures 
the analyses do not bring out any detrimental function of the 
overhead grounded wire. Itis not condemned in this use but atten- 
tion is directed to some of its limitations. Further study is desir- 
able. The cost of the overhead grounded wire is a considerable 
factor. At maximum it now seems that for many or most cases 
one grounded wire only may be needed. Exceptional cases and 
conditions must be decided by detailed considerations. 
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DEFINITIONS 


HE term “overhead grounded wire” is currently 
used to mean the extra wire, grounded at many 
or all of the supports, that is strung parallel to 

the power wires on an overhead transmission. The 
“aerial grounded wire’ has also come into use to 
mean the same. 

“Overhead” is a term more commonly used by elec- 
trical engineers of transmission lines than “‘aerial’’ as 
applied to grounded wires. Aerial, perhaps, is the 
more general term. ‘“‘Overhead” usually carries the 
idea to most people as being above the power wires 
although it means literally above the head. Over- 
head may, therefore, mean literally underhung or 
overhung relative to the power wires. 

The vertical grounded wire—the connection between 
the overhead wire and the earth contact—is used on 
wooden poles or other types of semi-insulators. As 
such it is sometimes referred to as the pole wire. 

Earth connections are the metallic parts extending 
into the earth. The earth connection may be in the 
usual forms of tower legs, driven pipes, or coiled wire 
around the base of a wooden pole. 

The lightning rod is any projection of conductor 
in the vertical plane above the horizontal grounded 
wire. 

In review, the four parts are: 1, horizontal overhead 
grounded wire; 2, vertical grounded wire; 3, earth 
connections; and 4, lightning rod (seldom used). 


HISTORICAL 


It is not the object here to trace the growth of use 
of the overhead grounded wire but simply to bring 
out some salient points and to give a bibliography 
of the scientific discussions of this subject. The earliest 
overhead grounded wires were barbed wires, such as 
used by farmers. The Bessemer steel used in 
this wire (when used in the relatively long spans 
between poles) was so unreliable in mechanical strength 
that the wire gave much trouble from breaking and 
short-circuiting the power wires. It was early recog- 
nized that the barbs on the wire had no practical value 
mm giving protection against lightning strokes. There was 
erroneous theory advanced by lightning rod experts 
that point discharge by corona materially lessened 
the danger of direct stroke. The theory seems un- 
reasonable. 

There have been few attempts to prove practically 
the value or uselessness of the overhead grounded 
wire but none of these has been convincing unless 
perhaps one instance given in a recent N. E. L. A. 
report, because of the variableness in the lightning 
storms and the impossibility of getting an exact com- 
parison by any of the data collected. The reasonable 
basis of the good effects of the overhead grounded 
wire has resided mostly in the theoretical consideration. 
[t is a comparatively simple matter, although labori- 
ous. to calculate the quantity of electricity induced on 
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a transmission wire with and without a parallel 
grounded wire. These figures are quite definite. The 
theory has been substantiated by electrostatic measure- 
ment. While it was formerly the opinion of the ma- 
jority of leading electrical engineers that the overhead 
grounded wire fully warranted its cost under certain 
conditions of installation and for a definite range of 
voltage, it is well, nevertheless, to make note of the 
fact that the practise is not founded on definite ex- 
perimental knowledge of the actual installations. 
There are many doubters of its value nowadays. 


INTRODUCTORY—MECHANICAL VS. ELECTRICAL 
FACTORS 


The primary requisite of an aerial electrical line 
is to be ready to supply electrical power continuously. 
To do this two natural and fundamental conditions 
must exist, namely that the line must be suitably 
insulated to withstand all impressed voltages and, 
second, that it must be mechanically durable. The 
mechanical durability involves the mechanics of ma- 
terial, their strength, characteristics, etc. While the 
factors involved in the mechanical side of the line 
construction are of prime importance, it is not the 
object in the present discussion to treat of them ex- 
cept as the type of mechanical construction influences 
directly the dielectric strength of the insulation. To 
confine the discussion as much as possible to the elec- 
trical side, it is assumed initially that due weight has 
been given to all the engineering factors and the choice 
has been made of construction with porcelain, glass, 
wood, cement, concrete (with or without reenforcing), 
or steel, together with such impregnating or painting 
treatment as the conditions demand. The mechanical 
structure may then be analyzed into types accord- 
ing to the insulation it affords against electrical fail- 
ure. Steel structures represent one type, wooden 
poles represent the other. 

The prime .object of the present discussion is to 
treat the electrical side, especially in the matter of 
insulating against lightning and the line potentials. 
The specific subject to be treated is indicated by the 
title, ‘“Overhead Grounded Wires.” It is of course, 
impossible to treat of the aerial wire by itself, as the 
whole aerial system of electric wires and supports 
must be taken into account as in any engineering 
structure. The-first question we must ask ourselves, 
then, is: What is the object in using an overhead 
grounded wire? 

The answer to this question differs now from what 
it was in earlier days of transmission. This fact 
is one of the excuses for this paper. In early days 
lightning arresters were uncertain and of low discharge 
rate. Insulation was weak and not wisely distributed. 
As a result, the overhead grounded wire was desirable 
to lessen the duty on lightning arresters. This ne- 
cessity has disappeared. While it is not claimed that 
the proper value of discharge rate for an arrester is 
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exactly known for every application, each arrester of 
the valve type is capable of adjustment to a much 
higher value than used at present which, in the limi- 
tations of present knowledge, seems to be sufficient. 

Speaking from the electrical standpoint solely, a 
partial answer sometimes made is: To lessen the 
electrostatic induction on the power wires caused by 
thunder-clouds. Faraday in his ‘“‘ice pail’’ experi- 
ment showed that no electrostatic lines of force extend 
into a closed conductor. The earliest writers on 
protection of lines state that if an aerial transmission 
line could be entirely surrounded by a metallic sheath, 
such as is done with the lead encasing sheath of an 
electric cable, no electrostatic induction from the clouds 
on the power wires could take place. Such a con- 
struction has not been found economically feasible. 
An amelioration only of the induced voltage has been 
gained by the use of one to three aerial grounded wires. 
Lead-eneased aerial cables are common practise in 
telephone construction. In power transmission: such 
practise is limited by the cost of electric cables and 
the difficulties of obtaining suitable insulation material 
for very high voltages. 

A more complete analysis than has _ previously 
been given of what can be expected of overhead 
grounded wires follows. It is not the ultimate of the 
possible detail analysis but is made from the viewpoint 
of the engineer in the process of determining the need, 
the value, and the desirability of this protective device. 


FUNCTIONS OF THE OVERHEAD GROUNDED WIRE 


The functions of the overhead grounded wire may be 
put into nine main divisions, as follows: 

1. To reduce the quantity of electricity and the energy 
induced on the power wires by a lightning cloud and to 
reduce the voltage of a traveling wave (with its energy 
located between lines and ground) which was pre- 
viously the “bound” charge held by the electric in- 
duction from the overhanging thunder-cloud. This 
function reduces the charge and energy that reach 
the apparatus and arresters. In the usual location 
of the overhead grounded wire it gives no appreciable 
protection against those internal surges which have 
their energy located between power wires. 

2. As a protection of insulators against flash-over. 
This second category is to be distinguished from the 
first, especially in such a respect as involves the time. 
If flash-over takes place it should happen while the 
surge energy is crowded toward a point on the line, 
a time presumably coincident with the movement of 
charges in the cloud, and not after the charge splits 
into two parts and travels away from this point. This 
theoretical matter will be taken up again under the 
heading “Steel Structure.” . 

3. In some cases the use of the overhead grounded 
wire as a mechanical support between towers is of greater 
value than its electrical protective functions. Occa- 
sionally, however, during sleet storms accompanied 
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by transverse winds it is a disadvantage in throwing 
an extra side pressure onto the towers. Even its 
value as a longitudinal mechanical support for rigid 
towers is questioned later. 

4. The overhead grounded wire has in some cases 
a very useful function in forming a_ low-resistance 
earth connection. There are four aspects to this factor: 
(a) As a uniform earth connection the parallel grounded 
wire may be used in localizing faulty insulators. (b) 
Where the neutrals of the power circuits are grounded 
the lesser resistance of earth connection is an aid 
during accidental single-phase short circuits in  pre- 
venting a rise in voltage of the station ground and con- 
sequent damage to the low-voltage wiring of the 
stations, including circuit-breaker control, lights, 
excitation, etc. This is an important function only 
recently recognized. Some experimental experiences 
will be described at some future time. (ce) Where 
towers are set in dry earth or rock and thereby par- 
tially insulated, the overhead grounded wire may be- 
come valuable in connection with the arc suppressor. 
The multiple earth connections supply good conduction 
to earth in spite of those towers that are practically 
too insulated to give proper operation of selective 
relays used in conjunction with the suppressor. (d) 
There is also a probable, remote value, in cases of 
dry or rocky foundation at towers, relating to the 
question of danger to human life for anyone standing 
on the ground and in contact with the tower when an 
insulator on the same tower is accidentally short- 
circuited. 

5. The overhead grounded wire absorbs a part of 
the energy of a traveling wave on the power wires. It 
thus lessens the discharge current through lightning 
arresters when the lightning cloud is at a distance 
from the station. . 

6. When used near a station and when a direct 
stroke occurs near the station, it is possible that the 
overhead grounded wire lessens the chance of high 
voltage entering the station. 

7. In the type of distribution circuit known as 
the three-phase, four-wire system the fourth wire is 
usually grounded at one or more places. The primary 
object in the use of this parallel grounded wire is 
not for protection against lightning. The use is 
economic in origin. Standard 2300-volt transformers 
Y-connected give a line voltage of 4000 volts. The 
higher voltage of transmission permits a saving in 
copper of the wires, if the power delivered is greater 
than can be carried on the minimum size of wire chosen 
by reason of mechanical strength. There is also a 
saving in lightning arresters at single-phase installations. 
Only one main arrester is used at the transformer of a 
four-wire system where two main arresters are needed 
for a single transformer on the three-wire system. 

Incidentally the presence of the fourth wire de- 
creases the lightning voltage induced on the remain- 
ing power wires. 
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8. On single-phase short circuits, with neutral 
grounded, the overhead wire acting as a partial return 
wire reduces somewhat the inductance. This reduction 
may be somewhat beneficial or detrimental, according 
to conditions and requirements of circuit breakers 
and relays. 

The overhead grounded wire lessens the stray electric 
field which would extend toa parallel telephone or other 
low-voltage line and thereby lessens somewhat the 
inductive interference which must be neutralized by 
transpositions in both circuits. 

Comments Before Noting the Ninth Factor. The eight 
foregoing functions of the overhead grounded con- 
ductor, in so far as they are performed, are prepon- 
deratingly beneficial in their general effect on an elec- 
trical transmission (not to say economically desirable). 
The ninth and last tabulated function may, in some 
types of construction, become very detrimental. 

9. The overhead grounded wire brings the zero poten- 
tial of the earth from its surface to the height of the over- 
head grounded conductor in the near meighborhood of 
the power wires. This lowering of the potential of 
lightning induction in the neighborhood of the power 
wires is the fundamental reason for the decrease in 
the quantity of induced charge as described in the 
first enumeration. 

The nearer the grounded wire to the power wire, 
the less the induced static charge and voltage by thunder- 
clouds on the power wires. But the reduction of this 


lightning potential is not the ultimate desideratum in- 


using the aerial grounded wire. The real aim is to 
lessen the number of flash-overs at the insulators. For 
purposes of illustration the effect of different distances 
between power wires and conductors at zero poten- 
tial will be discussed. In the extreme minimum, if 
the grounded wire is placed too close to the power 
wire its presence increases the number of flash-overs, 
due, not to lightning, but to the power potential itself. 
From this consideration alone then a mechanical 
clearance throughout the spans between supports must 
be maintained sufficient to give a suitable spark 
voltage to the power wires. The spark potential 
between the power wire and the parallel grounded 
wire should, in general, be greater than between the 
power wires and their conducting support at the in- 
sulator. The object of this ruling is to avoid damage 
to the grounded wire by the tendency of the craters 
of accidental ares to melt the wires in two. Such 
safe spacing is easily obtained for grounded wires used 
on metal towers. It is seldom attained on wooden- 
pole construction and other means are necessary to 
avoid damage by craters. A discussion of these 
means will be deferred. 


RELATION OF OVERHEAD GROUNDED WIRES TO CLOUD 
LIGHTNING 

Erroneous functions have sometimes been attributed 

to the overhead grounded wire. To counteract these 

speculations, occasionally heard, some statements 
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will follow of what the overhead grounded wire does 
not do. 

It has no effect in lessening the formation of electric 
charges in the clouds. 

It does not increase or decrease the number of light- 
ning flashes from the clouds. 

It is not known to have any effect in either dissi- 
pating or producing appreciable charges in its neigh- 
borhood. Even the ionization produced by corona 
at the surface of a wire must be rapidly lost at a small 
distance from the wire. Otherwise, the power poten- 
tials would spark from wire to wire. If very high 
potentials in the future, by some unknown, incipient 
effect, are going to ionize or deionize the atmosphere 
to a radial distance sufficient to have an effect on a 
lightning stroke, it is a matter to be determined by 
future research. Even if some new very high poten- 
tial power circuit gave evidence of gradually discharg- 
ing atmospheric charges in its neighborhood, rapidly 
traveling thunder-storms (the most common form) 
would still be blown over the power lines. 

The electrostatic potential rise in a thunder-cloud 
usually precedes a discharge by only about one minute. 
This is a short period in which to expect any relief 
of strain in the atmosphere around a transmission 
line by any known corona effect produced by the 
thunder-cloud. 

So far as known at the present time, the value of 
the overhead grounded wire is entirely in relation to 
the power wires which it parallels. 

It is presumed that the overhead grounded wire 
parallel to the power wires probably exerts slight 
effect in reducing the voltage induced electromagnetic- 
ally by those little-known rare discharges which paral- 
lel the transmission line but take place from cloud to 
cloud. 

Pertinent to what. the overhead ground wire cannot 
do is an effect sometimes attributed to iron deposits 
in the neighborhood of storms. In a court-room the 
statement was made that iron deposits increased the 
frequency and severity of electrical storms. This 
statement is erroneous although it has enough element 
of fact in it to resemble the truth. The electrical 
charges gather in the atmosphere independently of 
any formation under the surface of the earth. How- 
ever, any condition of electrical conduction which 
lowers the resistance in the path of the lightning 
bolt increases its current and prolongs the duration 
of the discharge. The conduction of bonded rails of. 
railways produces burning effect in lightning arresters, 
having spark gaps, notably more severe than when 
there are no rails to gather in the radially traveling 
charge on the earth’s surface. Salt swamps it might 
be argued would have the same effect. The writer 
has no data on the path the lightning might take 
either along the surface or (by leaving the static pull) 
spreading to better conducting layers at more or less 
depth beneath the surface. Incidental to this subject, 
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a study of earth pipes showed that the whole earth 
became a good conductor at short distances from the 
contact with the pipe, due not to high conductivity, 
but to vast cross-sections. There are, in fact, several 
unknown relations in the discharge path of lightning 
that form a field for speculation, such for example as 
the ohmic resistance of the feeding arteries in the cloud, 
the main artery, the earth contact, and the unknown 
path of the gathering currents on and in the earth 
under the discharging cloud. 


DETRIMENTAL EFFECT OF GROUNDED WIRES ON A 
SEMI-INSULATED STRUCTURE 


The very presence of an overhead grounded wire any- 
where on a well-designed wooden-pole structure re- 
duces the spark potential to lightning stroke. Its 
presence must therefore, in this particular respect, 
be considered detrimental. It is detrimental some- 
what in proportion to the decrease it causes in the 
spark voltage between the power wires and ground. 
For example, a normally insulated wooden-pole line, 
without overhead grounded wires, has a spark voltage 
to lightning proportional to its height above the sur- 
face of the earth. It is of the order of magnitude of 
10 to 20 meters (83 to 66 feet). The distance from 
the power wire to the grounded wire is usually of 
the order of magnitude of 1 to 2 meters (8 to 6 feet). 
Thus the presence of the grounded wire on a wooden- 
pole line reduces the spark potential of induced light- 
ning stroke to one-fifth or one-tenth. The result of 
this decrease is shown in a greater number of insulator 
flash-overs due to lightning. 

To summarize this discussion crudely in a single 
sentence: Placing an overhead grounded wire on a 
well-designed wooden-pole line lowers its spark po- 
tential 80 to 90 per cent in order to lower the induced 
potential of lightning by a value of the order of 25 
per cent. 


RELATION OF GROUNDED WIRE TO DIRECT STROKE 


So far as the aerial grounded wire carries zero poten- 
tial above the surface of the earth it increases the possi- 
bility of direct strokes on the line. As a matter of 
judgment this increased probability of direct stroke 
is entirely negligible if not absent where metal towers 
are used as a support. The tower will naturally 
take the discharge of the direct stroke, other things 
being equal. The presence of the grounded wire 
between towers slightly increases the possibility of a 
stroke finding a path to the circuit. 

In the case of wooden or other insulated supports 
the presence of the vertical wire actually decreases 
the distance from the earth to the lightning stroke by 
10 to 20 meters in a vertical direction. If the direct 
stroke comes so near the line that this decrease in 
distance shortens down appreciably the path of light- 
ning stroke to earth it will, in proportion, invite the 
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discharge to strike the grounded pole rather than some 
other object in the neighborhood. For example, a 
metal mast of a ship at sea in a thunder-storm will 
“draw” a lightning stroke to it from a considerable 
radius because it is the only high point on a smooth 
surface. Analogously a wooden pole having a vertical 
grounded wire and located in a flat country should 
slightly “draw’’ a lightning stroke that happens to 
come in the near neighborhood. Direct strokes on 
transmission lines are relatively rare. This being so 
how are we to give weight to the factor which has a 
possible slight effect on increasing the rare event? 

In cases of direct stroke on a wooden pole the vertical 
wire on the pole prevents splitting of the pole by the 
explosion coming from the sudden vaporization of the 
moisture in the wood by J?R of the lightning current 
and ohmic resistance of the wood. The writer has 
never heard of but one case where the pole was de- 
stroyed asa support. Many cases of slight and serious 


Fig. 1I—Newniy Erectep Potzt Srruck sy LIGHTNING, 


Avaust 7, 1916, Newton, Urau. 
By courtesy of the Power Company. 


damage to a pole are known. Fig. 1 shows severe 
damage to a pole by lightning. This experience brings 
up the question, important to the best type of con- 
struction, for power lines, is it worth while to invest 
in vertical grounded wires on poles, and thereby de- 
crease the insulation of the line against lightning, 
to save that apparently rare case of complete destruc- 
tion of a pole? Those who may add information, 
either in discussion to the present paper or in those 
valuable reports of committees such as in the N. E. L. A. 
now gathering information, should make a distinction 
between poles burned by dynamic current and poles 
destroyed by lightning. Lightning does not carbonize 
the wood—it explodes the moisture. The distinction 
is desirable because the cure is different. The vertical 
grounded wire, while preventing the damage by a 
direct stroke of lightning, increases the accidental 
burning effect on crossarms by the power voltage by 
increasing the potential gradient along the crossarms. 
When the vertical grounded wire short-circuits the 
high resistance of the wooden pole it throws the line- 
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to-ground potential on the part of the crossarm which 
is situated between the wire in accidental connection 
with the crossarm, and the boit at the junction of 
pole and crossarm. This distance is of the order of 
one meter. On the other hand, if no vertical grounded 
wire is used the same potential is distributed over the 
sum of the distance along the pole and crossarm. 
The greater resistance to earth decreases the leakage 
current and lessens the risk. This distance is of the 
order of 4 to 7 meters. 


OVERHEAD GROUNDED WIRES ON WOODEN-POLE 
STRUCTURES 


Attempts to induce public service commission to 
specify the use of overhead grounded wires on wooden 
structures has raised the serious question whether 
the overhead grounded wire so used is not an economic 
waste. On comparatively low voltages on wooden 
poles it surely is a loss unless it is installed for a pur- 
pose other than lightning protection. When the ques- 
tion is raised, at what higher voltage on wooden-pole 
lines should overhead grounded wires be used?—it 
requires to answer it a review of what useful functions 
it may perform. 

However, before questioning in detail, distinction 
must be drawn between mechanical and electrical 
consideration. Wooden poles carrying grounded in- 
sulator-pins constitute admittedly a wooden structure 
from a mechanical standpoint, but it is a metallic 
structure from an electrical standpoint. Electrical 
protection of overhead grounded wires is under dis- 
cussion. ‘To discuss these questions logically the four 
grades of insulation below the porcelain insulators 
must be included as factors and each given its proper 
weight in the appraisal. These grades are: 

(a) Nonmetallic pins, crossarms, and poles. 

(b) Metal pins, nonmetallic crossarms, and poles. 

(c) Metal pins, metal crossarms, nonmetallic poles. 

(d) Grounded metal pins 

Even the foregoing analysis is not definite enough 
unless by the two mechanical designations, metallic 
and nonmetallic, the idea of conduction and a degree 
of high resistance respectively are understood. For 
conditions attending the use of suspension insulators 
the distinction should likewise be made, but with 
different words because it is the cap and not the pin 
of the suspension insulator that is mechanically con- 
nected to the crossarm. 

Grounded metal pins fall in a class with the metal 
towers and are not under analysis at present. The 
first three classifications, viz., (a), (b), and (c), are 
near enough alike to be treated with approximation 
in one class for the following analysis. 

An attempt will now be made to apply in detail the 
general analysis, already given in nine functions, to 
the particular use of an overhead grounded wire on a 
wooden-pole structure. 

First Function. On nonmetallic structures the over- 
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head grounded wire is not needed as an aid to lightning 
arrester. 

Second Function. Instead of protecting, it actually 
lowers the arc-over of insulators subjected to a light- 
ning voltage. 

Third Function. The overhead grounded wire is 
not needed for mechanical strength where pin-type 
insulators are used. It is detrimental in increasing 
the wind and sleet load. 

Fourth Function. It may find some use as a low- 
resistance earth connection. Is it needed to localize 
faulty insulators? Not where wooden pins are used; 
and is of possible but doubtful economic use where 
metal pins are used. The vertical grounded wire 
makes a grounded pin where metal crossarms are used 
and therefore falls in the other classification. As mak- 
ing a better ground connection for a system using the 
grounded neutral the overhead grounded wire may be 
valuable, but for it to act in this capacity it is not 
necessary to install it for the full length of the power 
line but only near stations. Furthermore, as such, 
it is better to hang it under, rather than over the power 
wires. So located it cannot, after corroding with age, 
fall on the power wires. As an auxiliary to the are 
suppressor (now under development) it seems of no 
particular use. It does not safeguard human life— 
the wooden pole is safer. 

Fifth Function. In the fifth function as an absorber 
of traveling waves the overhead grounded wire is useful 
but not necessary. It is not needed to aid distant 
arresters. It is not necessary for isolated installations 
of transformers along the line which has no arresters. 
There are other and cheaper ways of getting protection. 

Sixth Function. The overhead grounded wire may be 
used if desired near a station, with special precautions 
in construction, for use against direct stroke and yet 
save the expense for the rest of the lines. 

Seventh Function. At present the three-phase, four- 
wire economics are not under discussion. 

Eighth Function. As a return wire and a parallel 
conductor to lessen the scattered electrostatic field, 
the overhead grounded wire has its normal useful 
function. Except for very high voltage, prominent 
harmonics, and near parallel telephone lines this factor 
will seldom justify the expense. 

During accidental grounds the value of the over- 
head grounded wire in decreasing interference with 
parallel telephone systems is reduced to a small, but 
unknown value by the predominant electromagnetic 
induction of the return currents in the earth. 

Ninth Function. In bringing the zero potential of 
the earth from its surface to the height of the power 
lines the installation of an overhead grounded wire 
on an insulated structure is very detrimental. It 
reduces the are-over voltage from the power wire to 
ground. This is the factor which seems sufficiently 
prominent to condemn the use of the overhead grounded 
wire on wooden structures. 
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Conclusion. Having considered briefly each of the 
separate items, the conclusion is reached that the 
overhead grounded wire is, in general, a detriment 
rather than an asset toasemi-insulated or high-resistance 
pole-line structure. It is impractical to consider here 
every possible detail but the endeavor has been made 
to mention or indicate all the factors, so that for any 
particular installation, engineering basis for the instal- 
lation or taking down of an overhead grounded wire 
may be determined. 


STEEL STRUCTURES AND THE OVERHEAD GROUNDED 
WIRE 


The ninth function enumerated for the overhead 
grounded wire which is so objectionable to wooden 
pole construction is not so for steel structures. The 
metal tower or pole brings the zero of earth potential 
to the height of the line in the neighborhood of the 
insulators. ~The overhead grounded wire adds nothing 
more to this detrimental condition. All of the first 
eight functions enumerated for the overhead grounded 
wire are more or less beneficial and none is detrimental. 
Specifying the use for metal structures will depend on 
figuring enough intrinsic value to pay for its cost. 
A review of some of the crucial factors follows: 

Such effective protective apparatus can be installed 
at the stations as to make the use of the overhead 
grounded wire all along the line of no particular need 
to help the arresters. 

Suppose the overhead grounded wire is considered 
as a mechanical support in the accidental emergency 
of a broken power wire. How much good can it do? 
Can the overhead grounded wire prevent mechanical 
damage to the tower sufficient to maintain service on 
other parallel circuits? Considerations of the flexible 
structure support are set aside. The overhead grounded 
wire is an intrinsic part of it. The usual four-legged 
tower is a relatively rigid support. The overhead 
grounded wire itself is a flexible horizontal support. 
It sags loosely between towers. Cana tower top move, 
without damage to itself, far enough in the longi- 
tudinal direction to utilize the increase in tension of 
the overhead grounded wire? If not, the overhead 
grounded wire loses its value in this function. Will 
enough mechanical damage be saved to the local 
structure and other parallel circuit or circuits on the 
towers to warrant the cost and depreciation of the 
overhead grounded wire in its entire length along the 
tower line? 

Will the overhead grounded wire decrease the number 
of flash-overs of the insulators? According to the theory 
given by the writer in 1916 (TRANSACTIONS A. I. E. E., 
p. 945) it may not have much value. This theory has 
not been refuted, nor even questioned. It states that 
the voltage of the induced charge on each power wire 
by thunder-clouds is decreased by the presence of a 
parallel grounded wire only by the passage to earth of 
the initial charge on the grounded wire and its replace- 
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ment by an induced charge of the opposite sign by 
the lightning charge on the power wire. Under some 
conditions ‘it is questionable whether this ‘‘increased 
capacitance’”’ by the grounded wire becomes active in 
reducing the induced potential in time to save the 
over-stressed insulator from arc-over. This matter 
will be discussed further. 

Among the factors which determine the efficiency 
of the grounded wire in preventing arc-over of insu- 
lators are some which are obscure, due to lack of both 
theoretical and experimental data. The time involved 
in the movement of the charges in the clouds is un- 
known. De Blois in 1914 gave some oscillograms which 
showed that some of the effects of potential changes 
in the cloud were very slow as compared to spark lag 
of insulators and gaps. So far as this slow movement 
obtains it is favorable to effective action of the over- 
head grounded wire. It is understood, however, that 
the final stroke to earth takes place with great rapidity 
but no one knows that this velocity in any way ap- 
proaches the velocity of light which is the approximate 
velocity of travel of a free charge along a transmission 
line. It is hoped that some of Prof. Harris J. Ryan’s 
unpublished work on discharges will add useful infor- 
mation to this subject. 

At any rate, we know that the circuit of the cloud 
lightning is long as compared to the circuit of the ground- 
ed wire. This much information would lead us to 
infer that, in so much as affected by distance of travel, 
the charge on the grounded wire would have plenty of 
time to pass to the earth while the main bolt is taking 
place from cloud to earth. 

There is a factor, however, in the grounded wire 
circuit which has not been given practical attention, 
namely the resistance of each tower to earth. There 
are many dry localities and even rocky localities in 
wet countries where the ohmic resistance of the earth 
connections of particular tower legs is extremely high. 
This resistance limits the rate of discharge of the freed 
charge on the grounded wire. In so doing it decreases 
the effect of the grounded wire in preventing arc- 
overs of insulators. While a calculation of the theoreti- 
cal value of the overhead grounded wire. with well 
grounded legs gives a potential ratio with and without 
this protection of about 70 per cent (a protection of 
30 per cent) for a circuit of approximately the same 
dimensions as the Mississippi River Power Company’s 
110-volt line, a high resistance of earth connections 
would reduce this protection from 30 per cent to 
an unknown smaller value. 

A proof of the small value of the overhead grounded 
wire to prevent arc-overs of insulators can be given 
by a simple arithmetical example. 

Suppose the insulators in use on a line can be arced 
over by a lightning potential of 200kilovolts. Suppose 
furthermore, that the tower legs have a high earth 
resistance and therefore the presence of a grounded 
wire would reduce the induced potential on insulators 
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by only 12 per cent. It would then require an induc- 
tion equivalent to 227 kilovolts to arc-over an insu- 
lator where the grounded wire is in use (200 + 88 
per cent = 227). If the induced voltage is less than 
equivalent to 200 kilovolts the presence of the over- 
head grounded wire has no value in preventing an 
are-over. In fact, there would not be an arc-over if 
the protective wire were absent because the induced 
voltage is below the arc-over voltage of the insulator. 

On the other hand, if theinduced voltageis equivalent 
to 227 kilovolts the presence of the overhead grounded 
wire gives no useful results, because an insulator 
will are-over in spite of the presence of the overhead 
grounded wire. 

For all induced voltages below 200 kv. and above 
227 kv. the parallel grounded wire, with a 12 per cent 
protection, has no value in preventing arc-overs. It 
is only over the small range between 200 kv. and 227 kv. 
that it would be effective. The chosen percentage of 
protection may actually be higher or lower according 
to the earth resistance of the particular tower where 
the maximum lightning voltage concentrates. A 
distinction is made in passing—while the overhead 
grounded wire decreases the general resistance to 
earth for power currents, it does not do so for lightning. 
Theoretically there is not sufficient time for the charge 
to flow to adjacent towers before the strain on the 
insulators produces its effect. 

If this proof is sound it shows why observations 
made on transmission lines with and without over- 
head grounded wires have given so few useful data. 

There is another useful viewpoint. If, instead of 
assuming the pessimistic conditions of protection, it 
is assumed that the tower legs are connected to earth 
with high conductance and other attendant conditions 
are such as to give the overhead grounded wire its 
maximum calculated value of 30 per cent protection, 
it may be considered as a very economical equivalent 
of an increase in dielectric strength of the insulators 
by somewhat less than 30 per cent; in other words, 
that the grounded wire is equivalent to putting extra 
disks on every line on the tower. The use is limited 
to lightning voltages. Protection is not given by the 
grounded wire against internal surges or, obviously, 
against failure of individual disks in a string. 

On some general measurements made between two 
tower lines, the writer was led to believe that the usual 
resistance of earth connections of towers was high rather 
than low. Estimates made from related data and 
laboratory experiences indicate a restricted if not doubt- 
ful protection of insulators from are-over by the over- 
head grounded wire when the insulators are on towers 
of high earth resistance. There are not enough data 
at the present time to give definite solutions to this 
problem. It would seem, however, that the problem 
is solvable. 

To summarize the points gained so far in the analysis 
of metal support structures, the overhead grounded 


CREIGHTON: OVERHEAD GROUNDED WIRES 


Transactions A. I. E. E. 


wire is not detrimental but is unnecessary as an aid 
to lightning arresters and it may have a small average 
useful range of protection for flash-overs of insulators. 

On the other hand, for one purpose it seems there is 
going to be an incontestable use for the overhead 
wire on metal structures. This use is in connection 
with the are suppressor which seems destined to become 
a standard device where aerial wires are used. As 
matters of development stand today the conditions 
needed are either very high resistance to earth, such as 
found on wooden-pole lines, or very low resistance to 
neutral such as can be obtained on metal tower lines 
linked in metallic contact by the overhead wire. 

If the conditions are such as to make its use solely to 
lower the earth resistance in general, why not use it 
near the telephone line and even as a messenger wire? 
Induction on the telephone can be modified thereby. 
It will surely lower the voltage to earth induced 
on the telephone lines and make them safer to handle. 

The work of this paper represents several days of con- 
centrated effort. This is not enough for the com- 
plexity of the problem. The analysis is incomplete. 
More and specific experimental data are needed— 
data both from the laboratory and from the field. 

The reasoning should be carefully scrutinized, and 
criticised especially in regard to its applicability to 
special cases. 


SIGNIFICANCE OF THE ANALYSIS 


The course of reasoning brings the conclusion that 
overhead grounded wires and vertical grounded wires 
on semi-insulating structures, such as wooden poles, 
are in general detrimental. On metal structures no 
technical function is found detrimental. If protection 
against arc-over of insulators is, as it appears, affected 
by the ohmic resistance between tower legs and earth 
either the effectiveness of the overhead grounded wire 
may be increased by attention to earth connections 
or this function of the grounded wire is sufficiently 
decreased to allow the grounded wire to be used lower 
down on the tower in another function. The relation 
between the earth resistance and the decrease in pro- 
tection to insulators is yet to be determined. 
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Discussion 


W. W. Lewis: In this paper Mr. Creighton draws the con- 
clusion that the overhead grounded wire is in general a detri- 
ment to a semi-insulated or high resistance pole line structure. 
By this I understand that he means not only the horizontal 
continuous grounded wire but also the vertical grounded wire 
that 1s applied to individual poles. 

I believe that the experience of operating companies in general 
will not bear out this conclusion. While itis true that there has 
been considerable trouble on some systems due to the overhead 
erounded wire, this has been mainly on account of the fact that 
the ground wire was not put up with the same care and idea of 
permanency as the power conductors, with the result of breakage, 
and interference with the conductors. Also in some eases the 
insulators were small for the voltage and the presence of the 
ground wire further reduced the factor of safety. Where the 
ground wire is adequately installed and the insulators have a 
reasonable factor of safety, I believe that the ground wire is of 
great benefit in protecting the insulators and poles. The testi- 
mony of afew power companies in this respect will be interesting. 

The Southern Power Company has overhead ground wires on 
practically all of its 2200 miles of 100,-44-and 13-kv. lines. 
It is its belief, based on experience, that ground wires afford 
considerable protection from lightning disturbanees. The 
ground wires inerease the mechanical stability of both pole and 
tower circuits and in case of pole lines prevents splitting of the 
poles by lightning. 

The Idaho Power Company has had considerable trouble 
with overhead ground wires due to mechanical difficulties and 
is not putting them up on new circuits, in fact has removed 
them in some cases. However, it has had considerable pole 
shattering where lines were not protected by ground wire and 
has cured this by grounded bayonets at the individual poles. 
Its experience has led it to favor this class of construction. 

The Utah Power and Light Company makes a practise of 
placing a metal band around the tops of its wooden poles and 
grounding this band. The conductors are in general arranged 
in a triangle with the top wire supported by a pin carried at the 
top of the pole. Wooden pins are used. Its experience with 
this construction has led it to believe that it has averted 
numerous cases of shattered poles and broken insulators. 
Operation without the metal band grounded, led to many cases 
of shattered poles. This construction cannot be used if the 
insulators are inadequate, as it will lead to shattering of insu- 
lators. Practically all of its 475 miles of 44-ky. line 1s equipped 
with the grounded metal bands, which its experience has led 
the company to favor. 

Other companies have reported similar experiences which is 
contrary to that predicted by Mr. Creighton. A questionnaire 
directed to these operating companies would no doubt elicit 
a great deal of valuable information along this line. 


C. L. Fortescue: On my trip last year to the Pacific Coast, 
I had some questions asked me about the grounded wire for 
protection, and I also elicited a good deal of information about 
it. A questionnaire was sent out recently by the N. E. L. A. in 
which experience with the grounded wire was asked. A number 
of people told me that the questionnaire was not always treated 
seriously, that the replies could not be depended upon, and that 
a lot of the companies that were questioned about the use of 
grounded wires had never installed grounded wires properly. 

This seems to agree with the statements of Mr. Lewis. Where 


- grounded wires have been properly installed, they have given a 


good deal of protection, I believe. 

Mr. Creighton’s theoretical explanation of the grounded wire, 
I think is not quite adequate. The grounded wire is used to 
increase the capacity of the transmission system as a whole to 
ground, so that if there is a charge induced on the system, when 
the charge is released as for instance by the discharge of a thunder 
cloud, the potential of the surge will be limited in value in 
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inverse proportion to the capacity. Any means which inereases 
the capacity of the system as a whole to ground, will give 
correspondingly lower potentials, due to lightning effects. I 
was talking to the engineer of the Byllesby Company some time 
ago about the use of grounded wires, and he told me that his 
company was going to continue their use, and he thought they 
did good. He said that according to the general method of 
putting up a grounded wire it was considered as something that 
could be stuck up in any way at all. According to his ideas the 
same class of construction should be used for installing a grounded 
wire as in the ease of the transmission lines themselves, and that 
if this practise were carried through, with proper maintenance, 
the protection obtained was good. 

E. P. Peck: Mr. Creighton referred to a case which came up 
recently regarding the use of an overhead ground wire in a small 
system in New York State. The president of the Company oper- 
ating that system had been ordered to install an overhead ground 
wire in connection with a 13,200-volt cireuit which had been re- 
ported as giving adequate service without the overhead ground 
wire. The president objected to installing the overhead ground 
wire, and he wrote a large number of letters to most of the repre- 
sentative companies in New York State, and also to a number 
of large transmission companies and management corporations 
throughout the country. The gentleman was kind enough to 
send mea copy of all of the letters, which I very carefully reviewed. 
Of the 78 replies to his questionnaire, 72 were against the 
use of overhead ground wires, 2 were non-commital, and 4 were 
in favor of overhead ground wires on transmission lines. I was 
very much pleased to find that the consensus of opinion as shown 
in these letters were so overwhelmingly against the overhead 
ground wire, because they confirmed my operating experience. 
Had the questionnaire been sent out ten years ago, I dare say 
the majority of the opinions would have been favorable to the 
overhead ground wire, as a good many theoretical considerations 
would indicate that the overhead ground wire is of considerable 
value. My operating experience, however, has caused me to 
very definitely decide that the overhead ground wire is a source 
of trouble. 

On one line in the South, which was equipped with an over- 
head ground wire, we had a large amount of trouble. The line 
wasre-insulatedand at the same time the ground wire wasremoved. 
After the re-insulation the line gave practically no trouble, and 
we concluded that the ground wire had not done any good, in 
fact indications showed that the presence of the ground wire 
eaused considerable additional burning to the eross-arms and 
pins. Since that time, and in connection with a number of 
different lines, the same experience has been repeated to a greater 
or less extent. We do not now put an overhead ground wire on 
wood pole lines under any conditions, and probably never will 
unless some new evidence comes up. 

Our results indicate that the overhead ground wire does more 
harm than good, not due to its falling or breaking, but due to 
the fact that it puts ground potential close to the conductors and 
reduces the insulating value of the wood pins, cross-arms and 
poles. 

In Utica we put up several transmission lines of intermediate 
voltages without overhead ground wires. On these lines we have 
had only one pole shattered, that I recall, in two years. The 
insulators were not damaged and the pins and cross-arms were 
not burned. We have not lost a single insulator on these lines. 
On the other hand we have lost something like 15 insulators, due 
to flash-over, on our steel tower lines equipped with overhead 
ground wire, in about the same period, though the steel tower 
line is insulated with excessively large insulators which had not 
been in service as long as a year at the time of the failure. 

It is my definite opinion that the overhead ground wire on 
wood poles does more harm than it does good. 


C. P. Steinmetz: The great value of Mr. Creighton’s 


paper, in my opinion, consists in the very complete review and . 
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discussion of the function of the overhead ground-wire. While 
I thoroughly agree with all the facts brought out by him, I am 
sorry to say that I must somewhat disagree with the conclusions 
drawn therefrom. 

I am fully convinced that the overhead ground-wire, when 
properly installed in a transmission system, is a most effective 
and a most valuable protective device. 

I believe it is necessary to protect a station by adequate 
lightning arresters, and the failure to install lightning protection 
at the station is economically inexcusable. Nevertheless, if I 
were given the choice between the use of the overhead ground- 
wire, or the use of lightning arresters in the station without the 
overhead ground-wire, I would rather take my chances with the 
overhead ground-wire and no lightning protection m the station 
than to attempt to run without overhead ground-wire with all 
the Eghtning protection of the station that it would be possible 
to give, although neither of these plans is economically defensible, 
but both, ground-wire and lightning arresters, in my opinion, 
are necessary and are supplementary to each other. 

The advantage of the ground-wire is that its function is pre- 
ventive, while that of the lightning arrester is merely curative. 
The ground-wire keeps the high-voltage disturbances out of the 
system, those disturbances which might enter from the outside, 
by lightning, ete., or originate in the system, while the lightning 
arrester discharges such disturbances as have entered the system. 
Theoretically, therefore, either should be sufficient by itself to 
protect the system. Unfortunately however, neither of the two 
is complete in its action. The overhead ground-wire does not 
completely keep out abnormal voltages, but the best we can 
expect is that it reduces the over voltage of the disturbance, 
which, entering the station has to be discharged by the lightning 
arrester. 


Unfortunately, the lightning arrester must have a spark gap 
in series with the discharge circuit, which must be set for a voltage 
materially in excess of the line voltage, so as not to interfere with 
normal line operation, and this is a limitation of the protective 
value of the lightning arrester, and every discharge of the light- 
ning arrester, to some extent, means a shock to the system, and 
therefore it is desirable to reduce the work put on the lightning 
arrester as much as possible by the overhead ground-wire, and 
so getting the higher safety resulting therefrom. 

In my opinion the two most important functions of the over- 
head ground-wire are, first, that itreduces the voltage eleetrostat- 
ically induced in the transmission line as the result of the bound 
charge on the line, produced by the charge of the thundercloud, 
or electro-magnetically as direct induction from a lightning 
flash overhead. When calculating this effect we invariably get 
rather disappointing results, that is the total effect is not more. 
than 20 to 40 per cent voltage reduction at the most, and my 
conclusion and that of other observers is rather that the pro- 
teetive value of the overhead ground-wire is materially more 
than would be indicated by the reduction of the voltage due to. 
its use. 


The explanation therefore seems to me the following: For 
some years I have studied the phenomenon of the thundereloud, 
and from whatever data I gathered, to get an idea of the actual 
voltage of the thundercloud and the lightning flash, its current. 
value, ete., my conclusion rather is that in the average the 
voltages induced by the thundercloud in transmission cireuits 
are not very materially above those which the transmission line 
insulation would stand momentarily. With many of the in- 


_dueed lightning disturbances not much above the disruptive 


strength of the line, the result would be that a moderate redue- 
tion of the lightning voltages such as given by the ground-wires, 
would very much increase the safety of the system, out of pro- 
portion to the percentage of reduction, especially as not only the 
voltage, but also its duration is reduced by the ground-wire. : 

Thus it may be that a reduction of the lightning voltage by 
30 or 40 per cent would, in view of the time lag of the eireuit 
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insulation, reduce the number of failures perhaps by 80 or 90 
per cent, depending on conditions. 

The second protective action of the ground-wire is its damping 
effect on any wave or other disturbance traveling along the line, 
by its action as a short-circuited secondary. The ground-wire 
must consume considerable of the energy of a traveling wave in 
the transmission line, and thus greatly increase the energy dis- 
sipation of the traveling wave, especially when it is considered that 
most of these ground-wires are steel cables, which have a large 
high-frequeney resistance. 

The result hereof would be that when using a ground-wire, 
only those disturbances, atmospheric and otherwise, which 
originated near the station, would reach the station with serious 
amplitude and dangerous voltage, but anything happening 
further out on the line would be sufficiently dissipated, or 
reduced in intensity, that when it reaches the station it is of 
negligible magnitude. I believe in this consists one of the main 
protective values of the overhead ground-wire, that it practi- 
tally frees the station from any serious disturbance which occurs 
in the line at a considerable distance from the station, and re- 
quires the consideration only of those disturbances which occur 
nearer to the station, which are of a rather lesser number. 

There also would be a certain action resulting from the energy 
dissipation which protects against the line building up standing 
waves or cumulative oscillation by arcing grounds, etc., in the 
transmission wires. That, however, is probably not of such 
great value, because the resistance of the transmission wire, is 
usually sufficiently high to limit the building up of a stationary 
wave. It is only in very high-power circuits where the line 
resistance is very low that there may be some danger of the 
building up of destructive oscillations. The two main features, 
in my opinion, are the screening effect tending to keep disturb- 
ances out, and the energy consumption rapidly dissipating dis- 
turbances, and these fully justify a properly installed overhead 
ground-wire in long distance transmission circuits. 

W. S. Jones: In a paper presented at the meeting of 
the Institute at Washington, D. C. in 1914, Mr. L. A. DeBlois 
stated certain conclusions which were determined as a result of 
tests made by him in connection with the investigation of light- 
ning protection for buildings. These conclusions appear to be 
pertinent to the subject under discussion and are quoted as 
follows: 

“(a) All conducting surfaces not thoroughly grounded, 
when exposed to the influence of a charged cloud immediately 
overhead, acquire a potential against ground which increases 
with the height of the conducting surface above ground. 

(b) A difference of potential will exist between all conducting 
surfaces not bearing the same average spacial relation in the 
electrostatic field to ground or to nearby grounded objects. 
Such average spacial relation is determined by their shape and 
size as well as distance from ground or grounded objects. 

(ec) Conducting surfaces in a vertical plane which would ac- 
quire practically no potential from their position in the electro- 
static field may acquire a charge from the influence of adjacent 
objects. 

(d) The grounding of a conducting surface generally in- 
‘ereases the danger of sparks from adjacent non-grounded 
surfaces. 

(e) Intereonnecting adjacent conducting surfaces can pre- 
vent differences of potential between them but may increase the 
tendency of the lowest surface (relative to ground) to are to 
ground. ; 

(f) Discharges tend to take the shortest path, and large 
surfaces in the horizontal plane should be interconnected or 
grounded at more than one point. 

(zg) A grounded roof acts as shield for objeets beneath it 
and even when poorly grounded diminishes the potential be- 
tween them, but potentials can be introduced below it by con- 
ductors which extend inward from the outside, provided they 
are of sufficient capacity. 


-excessive trouble from flash-overs. 
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(h) Secondary discharges may occur from the sudden charge 
of an overhead cloud or from its discharge. The discharge in 
any case follows the natural frequency of the circuit and con- 
sequently may become oscillatory, though this condition is 
improbable in the ordinary interior apparatus, excepting only 
electrical equipment. 


(i) The effect of adjacent lightning rods is to diminish the 
intensity of secondary effects, though for outside rods of reason- 
able height and spacing, the ‘secondary static protective-ratio’ 
is practieally ineconsiderable.”’ 

If these conclusions still hold true, and I believe that they do, 
the overhead grounded wire does not adequately safeguard the 
line against lightning on account of the induced secondary effects 
and the reluctance, on the part of a lightning discharge, to follow 
horizontally along an aerial conductor. 

I believe that in such cases, where overhead grounded wires 
are used, a much more effective and satisfactory arrangement 
would be to provide a grounded aerial point at each pole were it 
practicable to extend the point to its proper height. This, how- 
ever, appears to be a problem from a mechanical standpoint. 

It is my opinion that the only effeetive means of protection 
against lightning and surge disturbances is the use of electro- 
lytic arresters, or others equally as sensitive and as efficient, at 
frequent points along the line. . 

R. H. Marvin: This paper performs a valuable purpose in 
pointing out that before deciding either for or against the ground 
wire, that consideration must be given to the functions it is 
supposed to perform and the need for so doing. 

There are few subjects on which experimental data are so 
scanty, difficult to obtain and to interpret when found. 

In the case of wood pole lines it would appear that not enough 
importance had been attached to the effect of the high resistance 
of the pole. It is generally admitted, that with the possible 
exception of a direct stroke, the actual lightning discharge over 
the surface of an insulator is harmless. The damage is done by 
the dynamic or power are which follows it. - It is common prac- 
tise in the laboratory to use high resistances in series with sphere 
gaps. The resistance does not effect the break-down voltage 
but does prevent a heavy current and injury to the spheres. 
Another good illustration is the horn gap arrester with high 
resistance. The value of such arresters is debatable, but ‘its 
strongest enemies will admit that it does protect itself. This is 
well brought out in the recent ‘‘Questionnaire on Lightning 
Arresters’’ where one reply after describing the destruction of a 
modern type of arrester states, “I am positive that a water barrel 
horn gap style of arrester, as above suggested, would not have 
been injured.” 

The wooden pole gives this important feature of a high resist- 
ance between each insulator and the ground. There is not much 
known about high-voltage ares, but it is probable that they 
follow the same general principles as the shorter low-voltage ares. 
If this is so it can be shown that for any given are length and pole 
resistance there is a definite minimum voltage necessary to 
maintain an are. If the voltage is below this value, the are can- 
not hold. It is probable that in many eases insulators on wood 
pole lines without ground wires flash-over from lightning, but 
owing to the high resistance of the pole no are forms and no 
damage results. The particular point I would bring out is that 
it is not so much the induced lightning discharge we wish to 
prevent or avoid, but the destructive effects of the dynamic 
power are. 

This action is confirmed by several cases which have come 
under my observation. In the first instance, a 33,000-volt line 
with wood poles, metal arms and overhead ground wire gave 
By mounting the ground 
wire on insulators and bringing the ground connection off in 
such a way as not to ground the metal arms, the trouble disap- 
peared. Another 33,000-volt system having also metal arms 
on wood poles experienced numerous flash-overs and shut-downs 
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on the parts having a ground wire, but none on a short section 
where the ground wire had been omitted. 

E. E. F. Creighton: Engineers of transmission systems will 
note, with respect, the foregoing comments of the able discussers 
of this incomplete presentation on overhead grounded wires. 
There are convincing opinions expressed both for and against 
the use of the grounded wire. We must, for the present, let the 
situation stand. Briefly summarized, there are places where the 
use of the overhead grounded wire is good practise. On the 
contrary, there are other conditions of line construction where 
the expense of the overhead grounded wire is an economic waste. 
This is the particular point the author wishes to stress. In 
between these extremes there is a range of middle ground where 
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the use or absence of the grounded wire becomes a special prob- 
lem. 

The present state of knowledge of this problem is admirably 
brought to mind by choosing an expression from Mr. Lewis’s 
and Mr. Marvin’s discussions respectively, and placing these 
expressions in juxtaposition. ‘It is their (the operators’) 
belief, based on experience, that overhead grounded wires afford 
considerable protection from lightning disturbances.” ‘‘There 
are few subjects on which eaperimental data are so scanty, 
difficult to obtain, and, when found, to interpret.” 

There are developments now under way which, when available, 
will help to crystallize more definitely the practise in the use of 
overhead grounded wires. 
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Review of the Subject. Corona forms on a round wire 
or cable when the voltage is raised to such a point that the 
voliage gradient near the wire is sufficiently high to break down the 
insulating properties of the air. The larger the wire the higher the 
voltage lo cause corona. The coronais luminous and ionizes the air, 
giving it electrical conductivity; thus corona has the effect of giving the 
conductor a larger diameter; and since a higher voltage is required 
for corona on a larger wire, a state of equilibrium is reached and 
corona ts an equilibrium phenomenon not necessarily attended by 
spark-over. 

Since corona causes conductivity it is a cause of leakage and 
consequently of loss of power. It also increases temperature and 
decomposes the air into chemical constituents which are harmful 
to insulation. Engineers therefore have usually regarded corona 
as a dangerous phenomenon and one to be avoided by proper design. 
Transmission lines, for ecample, for the most part are designed so 
that their operating voltage is well below that at which corona would 
be formed on the conductors. 

Two suggestions have been made to make use of the properties 
of corona. The first is as a protective device for transmission lines. 
Since the corona is conducting and dissipates energy, it has been 
proposed to operate transmission lines relatively close to the corona- 
forming voltage. When abnormal rises of voltage due to lightning 
or other causes occur, corona begins, the air becomes conducting, 
and the high voltage is relieved. The exact value of corona in this 
connection is not known, although there is some evidence that it 
acts in the manner described. 

A second use of the corona, suggested by one of the authors of 
the present paper, is that it be used as a method for measurement 
of the crest values of high alternating voltages. The corona begins 
at a sharply marked definite value of voltage, and the laws governing 
the value are now well-known. The corona voltmeter is an instru- 
ment for detecting, either by the sownd or by the conductivity of the 
air occasioned by corona, the exact voltage at which corona begins. 


Il. INTRODUCTION 


HE high-voltgage corona appears at a sharply 
marked definite value of voltage of a clean 
round wire. This fact is made use of in the 

corona voltmeter, the law of corona as affected also 
by temperature and pressure being now known to a 
high degree of accuracy. The instrument appears to 
offer the most accurate method for determining crest 
values of high alternating voltages. 
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The value of the voltage is given in terms of the dimensions of the 
instrument and the pressure and temperature of the air. The 
instrument has been described in two earlier papers, in which tt 
is shown that the measurements of voltage with the corona voltmeter 
are more accurate than by any other method and that the instrument 
has several other advantages over methods at present in use. The 
present paper deals with methods for increasing the sensitivity 
of the corona voltmeter and for adapting the ordinary telephone 
recewer and standard portable instruments as indicators of the 
first appearance of corona. The corona discharge current is 
rectified and also amplified by means of hot cathode tubes. In- 
cidentally the experiments on rectification included a study of the 
wave form of the discharge due to the alternating corona. It was 
also found that the sound due to the corona could be amplified so 
that the first appearance of corona would be indicated on a loud- 
speaking telephone. 
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In addition to the method of visual observation, 
which is relatively inconvenient, two methods have been 
used in the corona voltmeter for detecting the first 
appearance of corona, (a) the telephone, and (b) the 
continuous-current galvanometer. Both of these de- 
vices indicated the first appearance of corona with a 
high degree of accuracy. Under laboratory conditions 
either may be used with satisfaction, the telephone 
being somewhat simpler, and useful for detecting 


occasional local sparking due to surface imperfections. 
of the corona wire. However, the total volume of 
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corona discharge produces a relatively small current, 
so a sensitive galvanometer is necessary, more sensi. 
tive than can be had in a readily portable type, and 
requiring usually a telescope and scale. Consequently 
some inconvenience is occasioned if the voltmeter is 
to be moved from place to place. Moreover the sound 
of the corona in the telephone, while clear and sharp 
in a quiet room, is easily masked by other extraneous 
noises. It is desirable therefore to develop methods 
for observing the first appearance of corona on the usual 
type of portable instrument with direct-reading scale, 
and also by means of a loud-speaking telephone. Both 
these things have been accomplished in the experi- 
ments described below, thanks to the rectifying and 
amplifying properties of the three-electrode vacuum 
tube. In addition some interesting curves showing 
the wave form of corona discharge have been obtained. 


Il. APPARATUS AND METHOD 


The essential elements of the galvanometer method 
of detecting corona are shown in Fig. 1, in which C, 
the perforated cylinder in the corona voltmeter, is 


Fig. 1—TuHr GALVANOMETER AS DETECTOR OF CORONA 


connected to ground, and the corona wire F is placed 
in the center of the cylinder. D is a surrounding 
cylinder only slightly larger in diameter than C, from 
which it is carefully insulated. When corona appears 
on the central rod F the surrounding air is copiously 
ionized and this ionization extends through the per- 
forations to the space between the cylinders C and D, 
which thus becomes highly conducting, resulting in a 
deflection of the galvanometer G. 

The present experiments were all conducted with the 
corona discharge on a nickel-plated steel rod 0.289 em. 
(0.188 in.) in diameter. The sensitive d’Arsonval 
galvanometer used is of wall type and has an undamped 
sensitivity of 1280 megohms; when critically damped 
with a shunt of 3400 ohms the sensitivity is 428 meg- 
ohms. The resistance R, Fig. 1, of 50,000 ohms was 
put in series to protect the galvanometer from possible 
short circuit in the corona voltmeter. The potential 
of the battery between galvanometer and ground was 
plus or minus 115 volts. 
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The length of the cylinder D was 60.95 em., its 
diameter 24.67 cm., and its space separation from the 
cylinder C 0.317 cm. 

The curves in Fig. 2 were taken with the corona rod, 
0.289 cm. diameter and plotted with galvanometer 
deflections in centimeters as ordinates, and transformer 
tertiary coil volts as abscissa. (See Fig. 3). The 


DEFLECTION OF GALVANOMETER IN CM. 


37 38 39 40 41 
VOLTAGE IN TERTIARY COIL 


Fie. 2—GALVANOMETER AS DeTecToR OF CORONA 


(0.188 in. = 0.478 cm. diameter rod) 
Atmospheric pressure. 


ratio of transformation of the high-tension transformer 
was such that 120 volts on the tertiary coil corres- 
ponded to 100,000 volts at the high-voltage terminals. 
Three curves were taken at atmospheric pressure, one 
with the electrode D of Fig. 1 at 115 volts positive, 
one at 115 volts negative, and one at ground potential 
as shown in Fig. 2. 


Fig. 3—PRrRINcIPAL CONNECTIONS 
A—Alternator, 
H—High-tension transformer, 
V—tTertiary coil voltmeter, 
B—Corona, voltmeter, 
G—D’ Arsonval galvanometer, 
T—Telephone receiver. 


It is to be noted that negative potential on the elec- 
trode D is best for the detection of the first presence of 
corona, in that the curve rises most sharply. The 
greater sensitivity of the negative electrode is obviously 
due to the fact that corona formation or ionization 
of the air occurs first due to the motion of the negative 
electron. The acceleration of the electron is greatest 
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when it is moving toward the positively charged corona 
conductor. Under these circumstances the positive 
ions, as products of the process of ionization, are re- 
pelled and therefore give maximum current in the 
galvanometer circuit of Fig. 1 when the electrode D 
is negative. 


III. GALVANOMETER WITH RECTIFYING VALVE 


a. Wave Form of Corona Discharge. While the curves 
of Fig. 2 are readily obtainable on sensitive galvano- 


To Corona Voltmeter 


Commutator 


Fic. 4—Connections To Stupy Wave Form oF CoRoNA 
DiIscHARGE 


meters, they cannot be taken with even the most 
sensitive types of direct-reading portable instrument. 
In considering possible ways of using the discharge with 
satisfaction on a less sensitive type of instrument it 
is to be noted at once that in the arrangement of Fig. 1 
the deflection of the d’Arsonval galvanometer is pro- 
portional to the difference of the mean values of the 
corona discharge on the positive and negative sides 


are 
B 


Fig. 5—DimMensions or Commutator Uspp 


C—Copper disk, 
H—Insulator (hard rubber), 
W—Wooden block, 
S—Shaft. 


Thickness of copper disk: % inch. 


of the wave form. The deflection due to the discharge 
must therefore be largely due to some difference in 
the heights of the peaks in the positive and negative 
sides of the discharge current. It is evident therefore 
that elimination of one-half of the discharge current 
curve will greatly increase the net unidirectional current 
in the galvanometer circuit. This can be accomplished 
either with a synchronous commutator used as sup- 
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pressor, or more conveniently still, by means of a 
rectifying vacuum tube. The whole question of the 
difference between the volume of discharge on the posi- 
tive and negative sides of the voltage waves is one of 
great interest. It therefore seemed desirable, from the 
standpoint of the purpose of the experiments and also 
from that of the interest of the phenomenon itself, to 
take a series of wave forms of the corona discharge 
current. 

For this purpose a special synchronous commutator 
was mounted on the shaft of the alternator furnishing 
the high voltage. In Fig. 4 the commutator was put 
in shunt to the galvanometer and the discharge current 
was short-circuited through each full cycle, except 
for one very short interval. The commutator, Fig. 5, 
was made of a copper disk, 414 in. diameter, with three 
slots of 14-in. width filled with hard rubbed placed at 
intervals of 120 deg., corresponding to half the number 
of poles of the alternator, and so each giving open 
circuit at the same position on the wave form. The 
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Fig. 6—Wave Form or Corona DiscHarRGE CURRENT ON 
0.188-1n. Corona Rop 


(Corona starts at 36.6 volts) 

Curve a—Charging current (Scale A) at 36.5 volts, 
Curve b—Deformed current (Scale A) at 36.6 volts, 
Curve c—Corona discharge current (Scale B) 


commutator was insulated from the shaft. Three 
copper brushes were attached at intervals of 30 deg. 
on the movable wooden disk; the two outer brushes 
were connected together to keep continuous contact 
to the copper disk, and under the middle one the open 


circuit was given by the three slots on the commutator. 


First, the brush setting was observed corresponding 
to the maximum value of voltage on the corona wire 
by shifting the brush to find the point of no charging 
current in the galvanometer, and it was found to be 30 
deg. on the fixed disk, calibrated 360 deg. on the 
whole circle. 

Two wave forms of the currents through the gal- 
vanometer circuit were observed for voltages below 
and above corona formation; the difference of these 
wave forms must be the wave form of corona discharge. 
The wave form observed just before the start of corona 
is the charging current through electrode D and the 
wave form observed just after the start of corona is 
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the superposition of charging current and corona 
discharge current. 

The observations were taken at atmospheric pressure 
of 74.77 em. and room témperature of 18,2 deg. cent. 
on the corona wire of 0.289-cm. diameter. Readings 
are shown in Table I; the curves in Fig. 6 are plotted 
from the same observations; the positive direction 
of current was from the electrode D to ground (Fig. 1.). 

From the curves it may be seen that the corona 
discharge current is of alternating form with a rather 
peaked shape for each half cycle, but the value of the 
positive peak is a little higher than that of the nega- 
tive and this is the reason why the negative electrode 
is more effective for detecting corona. 


TABLE I, 
Wave Form of Corona Discharge 


Galvanometer deflections in cm. 


Brush setting 


in degrees Before corona After corona Corona discharge 
25 —6.5 —10.5 —4.0 
30 .3 — 4.5 —4.8 
35 Thats 6.4 -1.2 
40 15.0 13.8 —1.2 
45 19.5 19.3 —0.2 
50 20.5 20.6 0.1 
55 18.5 18.7 0.2 
60 14.0 14.2 0.2 
65 TLa7 12.2 0.5, 
70 L208 12.7 0.6 
75 12.5 13.3 0.8 
80 iis} 12.1 0.8 
82.5 o.2 12.0 1.8 
85 fis! 12.1 5.0 
87.5 4.2 10.1 5.9 
90 AS 6.3 5.0 
92.5 — 3.0 i tb 4.1 
95 — 6.7 — 4.4 203 
97.5 -—10.9 — 9.8 a bea | 
100 —13.9 —13.0 0.9 
105 —18.8 —19.0 —0.2 
110 —19.9 —20.4 —0.5 
115 —18.1 —18.5 —0.4 
120 —13.4 —13.7 —0.3 
125 —10.5 —10.6 —0.1 
130 —11.1 —11.3 —0.2 
135 —11.8 —12.7 —0.9 
140 —10.6 —11.7 —1.1 
142.5 — 8.5 — 9.9 —1.4 
145 — 6.6 — 9.5 —2.9 
147.5 — 4.5 — 8.7 —4.2 
150 — 1.2 — 6.1 —4.9 
152.5 2.5 — 0.3 —2.8 
155 6.8 4.8 —2.0 
160 14.6 LG Tass -—1.1 


b. Rectifying Valve in Detecting Circuit. If we choke 
off one of the half waves shown in curve C of Fig. 6 
we have at once a great increase of unidirectional 
current in the detecting galvanometer circuit. As 
stated above, the most convenient way of accomplish- 
ing this is the rectifying tube or valve of “‘kenotron’’ 
or similar type, which as is well-known passes current 
from a plate electrode to a heated filament, but com- 
pletely chokes current from the filament to the plate. 

Placing the valve between the galvanometer and the 
electrode inthe corona voltmeter, Fig. 1, we observe 
at once a great difference in the sensitivities as between 
the two methods of connecting the valve in the cir- 
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cuit, 7.e., (1) the filament of the valve connected to 
the electrode and the plate to the galvanometer, and 
(2) the filament to the galvanometer and the plate to 
the electrode. 3 

In Fig. 7 three curves correspond to the three cases, 


M 
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37 . 38 39 40 41 
TERTIARY COIL VOLTS 


Fig. 7—GaLVANOMETER WITH KENOTRON WITHOUT ANY 
POTENTIAL ON THE CIRCUIT 


Curve a—Filament of kenotron being connected to the galvanometer, 
Curve b—Filament to the electrode in the corona voltmeter, 
Curve c—No kenotron used. 


DEFLECTION OF GALANOMETER IN C 


(a) filament connected to the galvanometer, (b) _fila- 
ment to the electrode, and (c) no valve being used. 
In each case no continuous potential was used, the 
galvanometer being connected directly to ground 
through the high resistance R, Fig. 1. 


DEFLECTION IN CM. 


37 38 39 
TERTIARY COIL VOLTS 


Fie. 8—GALVANOMETER WITH RecTiIFYING VaLvze PoTEn- 
TIAL APPLIED ON THE FILAMENT 


(Plate of valve connected to the electrode in the corona voltmeter) | 
Curve a—No potential on the filament, this corresponds to the curve (a) 


in Fig. 7. 
Curve b—Negative potential on the filament. 


Curve c—Positive potential on the filament. 


From these results it may be said that the valve 
with its plate connected to the electrode gives the maxi- 
mum volume of corona discharge current. ‘This is in 
agreement with the condition of greatest sensitivity 
when the valve is not used, namely, negative electrode 
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D, or current from electrode to ground. For greater 
sensitivity we add negative potential of 115 volts on 
the filament through galvanometer and high resistance 
by means of a battery of cells. With positive poten- 
tial on the filament no current was detected, as is to 
be expected. 

Using the same galvanometer with shunt resistance 
and other conditions unchanged, observations were 
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9 anv 10—CoNNECTIONS SHOWING THE Two 
PosiTions OF KENOTRON 


Figs. 


C—Commiutator, 

K—Kenotron, 

G—Galvanometer, 

S—Shunt resistance (3410 ohms), 

R—Resistances (5 X 104 ohms each), 

Y—Corona voltmeter. 

In connection Fig. 10 we found no charging current on the wave form 
of,corona discharge current. 


taken of galvanometer deflections corresponding to (a) 
no potential on valve filament, (b) negative potential 
115 volts on valve filament, and (c) positive potential 
115 volts on filament, the plate of the valve being 
connected to the electrode in the corona voltmeter 
in each case and the voltage being gradually raised 
through the corona forming value. Voltages are 
given throughout in terms of values at the terminals 
of the tertiary coils. The results of these tests are 
given in Fig. 8. The influence of negative potential 
on the filament in increasing the sensitivity is very 
noticeable. The positive potential chokes off the 
discharge almost completely. From these results it 
is obvious that the rectifying valve may be used with 
great satisfaction for increasing the volume of corona 
discharge as a means of detecting the first presence of 
corona and that it should be so connected that the 
plate of the valve is connected to the electrode in 
the corona voltmeter. 

c. Portable Instrument in Place of d’Arsonval Gal- 
vanometer. Although the volume of the discharge 
current is greatly increased by the methods described 
above, it was found to be not yet sufficient to give 
satisfactory indications on a portable type of instru- 
ment. Tests of this question were made using a 
Siemens and Halske needle galvanometer having 25 
divisions of seale on each side of a central zero, and each 
division corresponding to 10-* ampere. The resistance 
of the instrument is 100 ohms. 

Using this needle galvanometer with shunt of 9000 
ohms in place of the d’Arsonval galvanometer of the 
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earliest experiments, we found a deflection of only 114 
divisions for a voltage 6 per cent above corona-forming 
value. Ordinarily this excess voltage would give de- 
flections well off the scale using the most sensitive 
wall-type instrument. In these experiments the fila- 
ment of the valve was connected through the instru- 
ment to the negative terminal of a 115-volt instrument, 
this being the most sensitive method of connection, 
as described above. 

In view of these results it will be seen that while the 
rectifying valve has given a great increase in the volume 
of discharge, this increase is not yet sufficient to permit 
the use of the common type of portable instrument. 
If this type of instrument is to be used, some form of 
amplification of the discharge current must be used. 
This amplification was accomplished by the use of 
three-electrode amplifying tubes in the experiments 
described below. 

d. Wave Form of the Rectified Corona Discharge 
Current. Before applying the usual methods of am- 
plification to the corona discharge current it is im- 
portant that the rectified corona discharge shall have 
no reverse current, that is that it shall be strictly uni- 
directional. Elimination of reverse currents is nec- 
essary since the rectifying valve and also the ampli- 
fying tube may be overloaded by them and so prevent 
the amplification of the unidirectional component. 
For these reasons we investigated the wave form of 
the rectified current by means of the synchronous 
commutator, as described above. At first we found 
large values of charging current in the wave form, these 
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Curve*a—No potential applied’on the filament of the kenotron, 
Curveys—Negative potential applied on the filament of the kenotron 
through the galyanometer and the high resistance. 


being induced currents arising in the circuit between 
the galvanometer and ground, and due to the alter- 
nating static field. In these measurements the gal- 
vanometer was connected directly to the electrode in 
the corona voltmeter and the valve between the gal- 
vanometer and ground, as shown in Fig. 9. After 
shortening the connections between all parts and chang- 
ing the positions of the valve and the galvanometer to 
those shown in Fig. 10, we finally obtained strictly 
unidirectional current of very irregular wave forms. 
The two curves in Fig. 11 were measured by the 
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commutator method described above, the plate of the 
valve being connected directly to the electrode in 
the corona voltmeter. First one side of the galvan- 
ometer was grounded through the high resistance R, 
and next negative potential of 115 volts was applied 
to the filament through the galvanometer and high 
resistance. 

The irregularity of the wave forms shown in Fig. 11 
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FILAMENT CURRENT IN AMPERES 


Fig. 12 
Curve 1—Filament termina] volts, 
Curve 2—Plate current. 


is in some measure due to the continuously changing 
- thermoelectric electromotive force at the brush con- 
tacts which is not sufficiently eliminated by the high 
resistance in series in the galvanometer circuit. (See 
Fig. 4.) This thermal electromotive force was further 
eliminated in its effect on the current to be measured 
by taking the difference of right and left galvanometer 
deflections both before and after starting corona. It 


DEFLECTION IN CM. 


“12 8 4 0 +2 
GRID VOLTAGE 


Fia. 13—Puiate CURRENT 


is probable that the elimination of this effect is not 
complete and that therefore the curves shown in Fig. 11 
are not an exact reproduction of the shape of the corona 
discharge. They must however approximate it very 
closely and they show clearly that there is no reverse 
element in the rectified current. It is sufficient for 
amplification that there be no reverse current and 
consequently these experiments were next undertaken. 
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IV. AMPLIFICATION OF CORONA DISCHARGE 
CURRENT 
a. Characteristic Curves of the Electron Tube. The 
problem presented is to amplify the unidirectional 
pulsating current from electrode D with an average 
value of about 10-7 ampere to a value which may be 
read on a conveniently portable instrument, such as 
the Siemens and Halske needle galvanometer, described 


above. After experiments with several different 
Grid ‘ 
leak} {120 Volts 
t 
=- 
Fia. 14—ConneEcTION FOR MEASUREMENTS OF CHARAC- 


TERISTIC CURVES OF THE ELECTRON TUBE 


methods of connection and different tubes, the con- 
nections of Fig. 15 were found to be most suitable for 
our purpose. 

One 102-A Western electron tube was used and its 
characteristic curves were studied. The relation be- 
tween plate current and filament current with no grid 
voltage and also the relation between plate current 
and grid voltage with constant filament current were 
taken. The curves of Figs. 12 and 13 were taken with 


Ht 


120 Volts 


hf 


=FE 
Fig. 15—ConneEcTION FOR AMPLIFICATION OF THE CORONA 
DIscHARGE CURRENT 


a d’Arsonval galvanometer in the plate circuit and 
with 120 volts on the plate. Fig. 14 shows the method 
of measuring the relation between plate current and 
grid voltage. The relation of filament current and 
plate current is obtained with slight modifications. of 
the connections as shown. The grid leak of 1.5 meg- 
ohms and a different location of the ground connection 
is required for the amplification of the corona discharge 
current. (See Fig. 15). In these experiments, owing 
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to its high sensitivity the galvanometer was equipped 
with a shunt, as shown. 

From the curve of Fig. 15 it is seen that the grid 
voltage must be about 8 volts in order to secure zero 
deflection in the connection of Fig. 15. With the start 
of corona and current over the resistance G, we may 
expect a sharp increase in plate current, that is to say, 
amplification. 

b. Connection and Operation of the Amplifier for In- 
creasing Corona Discharge Current. The connections 
for amplification of corona discharge current are shown 
in Fig. 15; where D is the electrode in the corona 


TABLE II. 
Relations between the Grid Voltage and the Shunt Resistance of the 
Galvanometer. 
Grid 
Voltage, 0.0| 1.48} 2.97) 4.47) 5.94) 5.94 | 7.43 /7.43] 8.85 |8.85 
Shunt 
Resist. 
in ohms, PO) 220] Le Ope) ee eenGes 10 100.} 100. |1000. 
Tertiary 
Coil Defiections in mm 
Volts, 
22.0 7.8) @.0| SLB) 220) OF80 36507 Or eat 4Ora Ors 
38.1 V7.8) F270) 8-8 | 20) SOS 8 ebs0 FOS 2a O25 Osan 
38.2 & ep | 2-8 220) 18> 7 Oeste 4eo eee 
38.5 a | 8 @ | 2.9] 2.2] 20.7]12.8/'3 | 2 3 
39.0 | 3 | 8 | 3 | 3.0] 2.4] 23.0114.0) 2 | ¢§ a 
39.5 ° fo) }° 3.1) 2.6] = |16.8 & & 5 
40.0 Ai | Zi.| 4 | S220 27 Or Om oonG ° 


*Full scale of the instrument used was 25 mm. 

In the above in all cases the galvanometer shunt resistance was made as 
high as possible. Higher values than those given result in large deflections 
at voltages below that of the start of corona. Corona at 38.2 volts on 
tertiary coil. 


voltmeter; K the rectifying valve already described, 
with plate connected to electrode D; R, protective 
resistance of 50,000 ohms; G, grid leak of 1.5 megohms; 
E,, grid voltage (series of small cells); A, electrode tube 
No. 102-A; S, shunt resistance for detecting instru- 
ment; N, Siemens and Halske portable needle galvan- 
ometer; H, ground connection and positive side of 
plate battery. 

It is desirable that the needle of the galvanometer 
stand at zero position before the starting of corona 
discharge and that we haveas largea deflection as possible 
on the start of corona, that is, we should have the same 
or better accuracy than is possible in using the d’Arson- 
val galvanometer without amplification or discharge. 
We were able to obtain this condition very closely 
after many trials by changing the value of the shunt 
resistance F and the value of the grid voltage H,, We 
were able to obtain such conditions that the initial de- 
flection of the galvanometer was less than one milli- 
meter before the starting of corona, and immediately 
off the scale when corona begins. The process of ob- 
taining this condition is clearly seen in Table II, where 
the relations between the shunt resistance, values of 
grid voltage, and initial deflection are given. The 
value of the grid leak was also varied from 50,000 ohms 
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to 2 megohms, and it was found that 1.5 megohms 
grid leak gives most satisfactory results in ampli- 
fication. 

From the above results the following are the best 
values for amplification: Grid voltage, 8 to 9 volts; 
shunt resistance, 100 to 1000 ohms; grid leak, 1.5 
to 2 megohms. Obviously the value of shunt resist- 
ance pertains only to the instrument used in these 
experiments, but the values of grid voltage and grid 
leak are always suitable for the type of tube described. 

The importance of the rectifying valve for amplifica- 
tion should be emphasized. If no valve is used, al- 
ternating voltage is applied to the grid of the electron 
tube and will be so amplified that it will be impossible 
to secure zero deflection of the detecting instrument 
before the start of corona. 


V. FURTHER STUDY OF WAVE FoRM OF CORONA 
DISCHARGE 


A further study of the wave form of corona discharge 
has been made and in this the value of the discharge 
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Fig. 16—Cuarcine Currents at 36.5 Vouts 
(Corona starts at 37.2 volts) 
Curve a—Charging current of electrode and lead wire together, 
Curve '—Charging current of lead wire alone, 
Curve c—Difference of curves (a) and (b), 
Curve d—Wave form of voltage. 


current has been carried far above that in the immedi- 
ate neighborhood of the starting of corona. 

a. Improvement of Synchronous Commutator. As 
shown in Fig. 5, the width of each slot filled with hard 
rubber corresponds to 20.2 electric degrees. Ifthemiddle 
brush, under which the open circuit is given by each 
slot, has no thickness, then the duration of open circuit 
must correspond to the interval of 20.2 electrical degrees 
and the deflection of the galvanometer is proportional 
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to the mean value of the wave form during that interval. 
But obviously it has a certain contact area which will 
shorten the duration of open circuit, and the amount of 
this shortened period must correspond to the width of 
the brush contact area. 

In the case of the observation of the curves shown in 
Figs. 6 and 11, two 0.005-in. copper strips were used as 
the middle brush. The effect of the wearing of contact 
surface and different pressures on the brush was noted 


From Galvanometer 
to Electrode 


DIRECTION OF CURRENT 


From Electrode 
to Galvanometer 
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270 
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Fig. 17—No VouitraGE ON ELECTRODE 


180 


Corona starts at 36.7 volts, 
Atm. press. 75.77 cm. 
Temperature, 20.8 deg. cent. 
Curve a—37 volts, 

Curve 5—41 volts, 

Curve c—45 volts. 


in the difference of deflections in two measurements of 
wave form of the same current. As a consequence we 
used one sheet of 0.016-in. thickness because it is 
easier to keep the same wearing surface and the same 
pressure of contact with one thickness. After suf- 
ficient wearing the width of contact area was measured 
as about 1/32-in. This contact width of brush makes 
the duration of open circuit about 16 electrical degrees, 
and the point on the wave form obtained by shifting 
this brush corresponds to the mean value of the wave 
form of width of 16 electrical degrees, thus the wave 
form as obtained by us is not an exact representation 
of corona discharge current, but is approximate only, 
each point on the curves representing a width of about 
4.5 per cent of the entire period. With this com- 
mutator Figs. 16 to 19 were taken. 

b. Galvanometer used. In order to obtain rapid read- 
ings of the two deflections on the two sides of zero, for 
the elimination of the thermoelectric electromotive 
forces on the commutator, a galvanometer of short 
period was used, sensitivity 1085 megohms undamped, 
and a period of 13.8 seconds. When critically damped 
with 1900 ohms the time required for the deflection to 
fall to zero from 12 em. was 13.6 seconds. 

c. Shielding of Lead Wire between Electrode D and the 
Shs alee Careful electrostatic screening of all 
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connections and instruments is necessary in measure- 
ments of the small values of current in the connection 
to electrode D. At first electrostatic induction between 
the high-tension conductor of the voltmeter and the 
lead wire from the electrode to the screened observa- 
tion room was found to be comparatively large. Work- 
ing below the starting voltage of corona we measured 
the charging currents, (a) of electrode inside and lead 
wire outside together, and (b) lead wire alone by dis- 
connecting at the outlet of the corona voltmeter. The 
wave forms in these two cases are shown in (a) and 
(b) of Fig. 16 respectively. The difference between 
these two curves is the charging current of the elec- 
trode itself. All have the same typical form, and the 
wave form of voltage is also shown in curve (d). 

After completely shielding the lead wire by enclosing 
in metal tube, the charging current for both electrode 
D and lead wire when connected together is practically 
coincident with the curve (c) of Fig. 16, showing the 
elimination of exterior electrostatic induction. 

It is not possible to eliminate completely the charg- 
ing current of the electrode D, owing to the holes in the 
grounded cylinder of the voltmeter. These holes are 
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Fic. 18—NeEGaTIveE ELECTRODE 


Corona starts at 36.5 volts. 

Atm. press. 75.47 cm. 

Temperature, 25.2 deg. cent. 

Direction of current:—same as Fig. 17. 
Curve a—37 volts, 

Curve b—41 volts, 

Curve c—45 volts. 


essential to its principle of operation. Thus thegwave 
form at voltage just above the start of corona is the 
superposition of the electrode charging current and t the 
corona discharge. 

d. Wave Forms of Corona Discharge Current with0. "289- 
Cm. Nickel Steel Rod. With the speed of the alternator 
maintained constant by a tuning-fork speed-control 
device and by shifting the commutator brush in the 
direction of rotation of the alternator, wave forms were 
taken for various conditions of corona discharge. 
Twelve points were taken on each half wave. We 
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record three sets of wave forms as follows: (1) For 
no continuous potential between electrode and ground, 
(2) for negative electrode, and (8) for positive electrode. 


Each set consists of three curves, one taken just above. 


the corona starting voltage, and two at values con- 
siderably higher. They are shown in Figs. 16 to 19. 

It was possible to take only one set of curves in any 
one day and consequently. different values of starting 
voltages of corona are shown. The charging current 
of the electrode for a voltage just below the starting 
of corona was taken in each case. The fact that the 
values of this charging current were equal in all three 
eases is a check on the satisfactory condition of the 
commutator and brushes. 

In all of the curves (Figs. 16 to 19) 0 deg. and 180 
deg. of electrical angle on the commutator scale were 
fixed by the position of zero charging current, cor- 
responding to the maximum points on the voltage wave. 
The wave form of the voltage of the high-tension side 
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Fig. 19—Positive ELEecrropeE 
Corona starts at 37.7 volts. 
Atm. press. 76.86 cm. 
Temperature, 21.2 deg. cent. 
Direction of current:—same as Fig. 17. 
Curve a—38 volts, 
Curve b—41 volts, 
Curve c—45 volts. 


of the transformer was measured by means of an air 
condenser, and is shown in Fig. 16. As the true wave 
form of corona discharge measured by the present 
method is the difference of the two wave forms below 
and above the critical value of voltage, it appears to 
be quite accurate only for voltage a small value above 
the corona starting value. For higher voltages, how- 
ever, it is not correct to take the difference between, 
the total current and the charging current.as measured 
since the charging current itself becomes larger. This 
charging current is approximately proportional to the 
voltage except insofar as the capacity of the voltmeter 
may alter, due to the presence of corona. In the 
absence of definite knowledge on the magnitude of this 
alteration of capacity, the curves in Figs. 17, 18 and 19 
were based on corrected values of the charging current 
for each voltage, assuming this charging current to be 
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proportional to the voltage. All that may be said on 
this point at this time is that the shapes of the resulting 
curves indicate that a possible error on this account 
does not manifest itself in any serious change in the 
shapes of the curves. In Fig. 20, three curves are 
shown giving the net discharge currents under the. 
conditions of Fig. 1. These curves are comparable 
with those of Fig. 2, except that they are taken with the 
d’Arsonval galvanometer used in the wave form ex- 
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TERTIARY COIL VOLTS 


Fig. 20—Dr5FLEecTrIoNs oF GALVANOMETER 


Atm. press. 76.86 cm. - 

Temperature 21.2 deg. cent. 

Curve a—Negative electrode, 

Curve b—Positive electrode, (Reverse direction) 
Curve c—No potential. 


periments. The current read in these curves therefore 
is the algebraic sum of the positive and negative half 
waves of the discharge current. It is interesting to 
compare these curves with the wave forms of the 
currents under the corresponding conditions as shown 
in Figs. 17, 18 and 19. The deflection of the galvano- 
meter in Fig. 20 without the use of commutator is 
proportional to the difference of the mean values of 
each half wave, and in the case of no potential on the 


Fig. 21—Srraigutr TELEPHONE CrircuiTr as DETECTOR OF 
Corona FoRMATION 


T—Telephone transmitter 
R—Telephone repeating coil 
D—Two dry batteries in series 
E—Ordinal telephone receiver. 


electrode (Fig. 17) there is a slight difference between 
the two half waves, and this accounts for the relatively 
small deflection of the curve (c) in Fig. 20. In the 
case of negative electrode (Fig. 18) the predominating 
mean value of half wave can be seen clearly as that 
whose direction is from the electrode to the galvano- 
meter. A similar predominating mean value with 
direction reversed can be seen as pertaining to the 
curve (b) of Fig. 20, and the curves of Fig. 19. 
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We can offer no explanation of the very irregular 
shapes of the waves of discharge current when negative 
and positive potentials are used on the electrode. It 
is noticeable that one-half wave in each case has the 
characteristic single peaked form as given by Fig. 17. 
It is the reverse wave which has the broken shape. 
We can only point to the complicated condition of 
ionization between the rod and outer cylinders, as 
influenced by the varying time above ionizing voltage, 
the rate of recombination of the ions, and the varying 
potential gradient. It is noticeable however that in 
the case of no potential on the electrode only one peak 
was found for each half cycle of alternating current 
and this peak corresponds to the maximum point of 
voltage wave. 


VI. LouD-SPEAKING TELEPHONE FOR CORONA 
DETECTION 


As already mentioned, the telephone is an excellent 
detector of corona formation under laboratory condi- 
tions. The sound of corona transmitted by the ordi- 
nary transmitter and receiver is however rather too 


weak for use in the presence of other noises. The con- 
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Fic. 22—AMPLIFIBR OF THE SOUND oF CorRONA FORMATION 


D—Two dry batteries in series, 
T—Telephone transmitter, 

R—Ordinal telephone repeating coil, 
C—Two condensers 2 ,. f. each in parallel, 
P—Input transformer, 

Eg—Grid voltage (1.5 volts), 

V—Vacuum tube, 

H—Wire resistance, 

F—Filament battery (filament current:—about 1 ampere), 
A—d-c. ammeter, 

B—Plate battery 115 volts, 

Q—Output transformer, 
L—Loud-speaking telephone receiver. 


nections using an ordinary transmitter, repeater, and 
receiver for use as detection are shown in Fig. 21. In 
order to obviate the disadvantage mentioned we have 
tried a loud-speaking telephone and have succeeded in 
greatly amplifying the sound of corona discharge. 
Many experiments and different types of connection 
were tried before a substantial amplification was ob- 
tained, but for brevity we give only the results and 
final method of connection. The greatest difficulty 
was found in separating the pure corona note from other 
noises which were also picked up and amplified in the 
loud speaker. The connections of Fig. 22 g ivea very 
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satisfactory amplification, so that observations on the 
beginning of corona are readily possible at some dis- 
tance from the loud speaker and in the presence of 
normal noises of a large laboratory, such as the opera- 
tion of several other machines and the talking of 
individuals. One stage of amplification with a Weston 
102-A tube was used, and other details are given in 
connection with Fig. 22. 

While the results with the loud speaker are interest- 
ing, assuring the possibility of detecting corona forma- 
tion and announcing it to several people at a distance, 
we believe that quite the same degree of accuracy of 
determination, if not better, can be obtained by a 
close-fitting head-piece, shutting out other noises, 
equipped with the ordinary telephone receiver. Under 
these circumstances extremely accurate indications 
of the first appearance of corona are possible. 

Detailed description of the rectifying valves, speed- 
control device, commutators, and other equipment 
mentioned in this paper will be found in a paper en- 
titled ‘“The Corona Voltmeter, the Electric Strength of 
Air,” by J. B. Whitehead and T. Isshiki, A. I. E. E. 
TRANSACTIONS 39, May 1920. 


Discussion 


J. H. Morecroft: There is only one point on which I ean 
add anything and that is on the use of the vacuum tube as a 
voltage rectifier. It is an experimental instrument not used 
very much as yet by electrical engineers, but as Dr. Hull told 
us some time ago, it will be used by every engineer very soon. 
There are certain cases where voltages are to be measured where 
it is impossible to get the measurement without the use of the 
vacuum tube. 

Sometimes we want measurements in a cireuit having but a 
few millivolts of power, of the order of one, two, three, four or 
five volts, and a frequency of perhaps a million cycles per second. 
Tf you have to measure that kind of a cireuit with the ordinary 
engineering apparatus, you throw up your hands and say it is 
impossible to do it, there is no indicating instrument which will 
respond, evenif it used up all the millivolts there are in the circuit, 
and if it did respond, you would not know what the reading 


= 


[1/1] 
Fic. 1—Scueme ror Mnasurinc Maximum Vourace Across 
CoNDENSER C 


meant, because the errors at a million cycles would be excessive, 
and it would be necessary for you to have recourse to the newer 
devices, of which the vacuum tube is the most important. 

Take an oscillating circuit with an unknown voltage across 
the condenser, and a frequency of, let us say, a million eycles. 
and measure the voltage. We might try to put a voltmeter 
aeross the condenser. If we did, the voltmeter would short- 
circuit the current, and we would have no voltage at all, so 
that evidently will not work. A scheme like this, however, 
will work. Put the grid of a vacuum tube as in Fig. 1, insert 
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a biasing battery which makes the grid of the vacuum tube 
negative, and if the grid of the vacuum tube is made sufficiently 
negative, there will be no current going through the plate cireuit. 
When this circuit is not excited, put on sufficient negative volt- 
tage, on the grid by means of the biasing battery so that the 
plate current is eut off, and then, if you start to excite the circuit, 
the grid will go up and down in potential, and as soon as it goes 
positive, a little bit more than the critical amount, as previously 
adjusted, then the grid, going positive, will allow a little bit of 
current to go through the plate circuit, and if the plate circuit 
instrument is sensitive enough, you can read it. The biasing 
battery must now have its voltage increased to reduce the 
plate current again to zero; the amount of increase in biasing 
voltage is the maximum value of the high-frequency voltage 
across C. In the ease of corona you ordinarily have much more 
power available than in the high-frequency oscillating circuits 
used in radio. 

In looking over the curves, I notice that Dr. Whitehead gives 
the curve for a certain type of Western Electric tube in Fig. 13, 
and uses the diagram shown in Fig. 14. If that is so, there is 
an error in the curve, an error due to the 1.5 meghoms, which 
is connected in the circuit. If in taking a curve we make the 
grid at all positive, of course the grid will draw current, and this 
current will have to flow through the 1.5 megohm resistance, 
and the drop in this resistance will be very high compared to 
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the voltage being used. For example, if we have two micro- 
amperes flowing in the grid circuit, which is a pretty small 
current, if the two micro-amperes go through 1.5 megohms, there 
is a drop of 3 volts in the resistance. If we have 4 volts in the 
grid battery, the grid will be positive only to the extent of one 
volt. It looks to me as if something of that kind may have 
taken place, because it is very seldom in the Western Electric 
tubes of that type that the plate current falls away so rapidly, 
and becomes horizontal, as indicated in Fig. 13. 

G. D. Robinson: I would like to call to Dr. Whitehead’s 
attention a circuit differing somewhat from the one that he 
has shown. 


In the corona voltmeter we are interested in an extremely 
small flow of current through the more or less ionized gas be- 
tween electrodes in the meter. When the gas between the elec- 
trodes is normal the resistance between them is substantially 
infinite, but at the moment that corona starts appreciable 
ionization occurs and this resistance drops to a lower, but still 
enormous, value. As the current which can be passed through 
this ionized gas is insufficient to give a deflection on a portable 
meter, it has become desirable to cause this small eurrent to 
control a larger current which ean operate the portable meter. 
Dr. Whitehead’s circuit uses the J R drop eaused by the flow 
of this small current through a resistance unit to control the 
grid voltage and plate current of a three-element vacuum tube. 
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The variation of this cireuit which I have in mind makes use of 
the IJ R drop through the tube itself, from filament to grid, to 
produce a similar result. The cireuit will be as shown in Fig. 2. 
Here FR represents the variable resistance of the ionized gas 
path between electrodes. A is a sensitive portable meter, per- 
haps one giving full seale deflection with one milliampere. I 
have found it desirable in a similar case to use more voltage in 
the grid circuit than in the plate circuit. The figures beside 
the batteries are possible values for these voltages. 

In considering the effects of the grid upon currents in a circuit 
such as this it is customary to use curves showing the value of 
plate current and of grid current for various values of grid 
voltage. With negative grid voltages the grid current is so 
small that frequently it is neglected, but this current is not 
zero and in this case it is not negligible. When these charac- 
teristic curves have been taken with a sufficiently sensitive gal- 
vanometer it will be seen that any attempt to increase the nega- 
tive grid current beyond a certain very small value will result 
in shutting off the plate current completely. This ‘‘very small 
value”’ will vary greatly with different tubes and different adjust- 
ments of plate and filament voltages. It is at least as small as 
10—° amperes in some tubes. Yesterday I obtained from Mr. 
Chubb of the W. E. & M. Co. the opinion that by removing 
the base, a three-element vacuum tube might be obtained in 
which a current of 1071” amperes in the grid circuit would be 
enough to shut off the plate current. What does this mean? 
It means that if the ionized gas path in the corona voltmeter 
permits the passage of the very small value of current a change 


of current of the order of one milliampere can be obtained in 


the portable meter when corona starts. 

This cineuit does not satisfy the condition that the meter 
should read zero before corona starts, but obviously the meter 
could be shunted by a battery and resistance so that it would 
satisfy this condition. In the circuit shown in the figure the 
meter reading should be substantially constant at a large value 
before corona starts. At the start of corona the reading should 
drop sharply. I am of the opinion that this circuit can be made 
to give greater current amplification than was obtained by Dr. 
Whitehead. 

As a-c. voltages applied to the grid of the vacuum tube will 
affect. the reading of the d-c. meter in the plate circuit, precau- 
tions to reduce any such a-c. voltages to a small value would 
probably be required with this circuit. 

John B. Whitehead: I wish to thank Professor Morecroft 
and Mr. Robinson for their suggestions in connection with the tube 
circuits. After a lapse of six months I can recall nothing which 
suggests that the connections in Fig. 14 were not used as there 
found. However, I understand that. Professor Morecroft’s 
comment refers particularly to the upper portion of the curve of 
Fig. 13, where the grid voltage becomes positive. The critical 
condition in which we are interested is that of zero value of the 
plate current when the grid has a considerable negative potential. 
It is quite possible, as Professor Morecroft suggests, that there 
may be some current in the grid cireuit. If this is the ease, the 
presence of the grid leak would undoubtedly cause the value of 
the grid voltage to be other than that indicated. The absence 
of the grid leak in Fig. 15 would therefore cause a change in 
condition. However, it will be noticed from Table 2 that ob- 
servations were taken at various values of grid voltage, showing 
that the most effective were between 7.4 and 8.8. 

As to Mr. Robinson’s comment, I judge that he suggests 
that the indicating galvanometer shall carry current before 
corona forms, and fall to zero after corona forms, this result 
being accomplished by varying the current in the grid cireuit. 
It is possible that a greater sensitivity may be obtained thereby, 
but I question whether the conditions will be as practicable and 


uniform as those well-known connections that we have used. — 


Moreover, there is a considerable advantage in having the instru- 
ment stand permanently at zero, with deflection for the critical 
condition rather than the reverse. I hope that Mr. Robinson 
will have an opportunity to try the connection he suggests. 
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Prevention of Transient Voltage in Windin os 
BY J. MURRAY WEED 


Member A. I. E. E. 


Power and Mining Engineering Department, General Electric Company, Schenectady, N. Y. 


Review of the Subject.—This paper relates to windings 
such as are used in transformers, reactors and the like, with par- 
ticular reference to the characteristics which determine internal 
distributions of suddenly impressed voltages or sudden voltage 
changes, and the resulting internal oscillations. Ordinary light- 
ning arresters, which limit the maximum voltages reaching the 
winding terminals, but cause rather than prevent the occurrence of 
sudden voltage changes, certainly give no protection against ex- 
cessive voltages between turns or between coils. After describing 
the production of these transient voltages in ordinary windings, 
and pointing out that the treatment of symptoms by the addition 
of extra insulation tends to defeat itself by augmenting the cause, 
this paper explains these phenomena as due to faulty arrangements 
of inherent capacitance with the inductance of the winding. A 
fundamental principle is evolved indicating the constitutional 
remedy, which, if perfectly applied, would give only uniform 
internal voltage distributions, however abrupt or frequent the voltage 
changes at the terminals might be. Methods of application are 
described for the ordinary windings, by supplementing the faulty 
arrangements of inherent capacitance with auxiliary capacitances 
or condensers. Methods are given, also, for the construction of 
windings with the ideal distribution of inherent capacitance 
called for by the principle. 

Two alternative statements of the fundamenta! principle upon 
which the ideal distribution of capacitance is based are empha- 
sized in the paper, and the application of the principle is adequately 
illustrated in the figures, of which Fig. 2 is a simplified diagrammatic 
representation of the arrangement of inherent capacitance with 
the inductance of that certain type of ordinary windings shown in 


Fig. 1, Figs. 3 to 5 illustrate methods of correcting this faulty | 


arrangement by means of supplementary condensers, Figs. 6 and 7 
show two typical forms of a general method of constructing wind- 


ings with the ideal distribution of inherent capacitance, and the 
remaining figures illustrate practical modifications of this method. 
With the ideal distribution of capacitance with inductance called 

for by the fundamental principle here enunciated, sudden and 

erratic changes in voltage at the terminals of the winding, or im- 

pressed wave trains of any frequency, result only in voltage dis- 

tributions which are at every instant uniform. With practical 

arrangements approximating the ideal one, it is only necessary 

to insulate between turns and between coils, with ordinary factors 

of safety, for the proportional part of the maximum voltage which 

may appear at the terminals. 
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How TRANSIENT VOLTAGES ARE SET UP IN ORDINARY 
WINDINGS 


N ordinary electrical windings, in which all of the 
turns link a common magnetic circuit, such as 
those for alternating current transformers or 

reactances, any fluctuating or alternating voltage 
existing across or in the windings, unless the fluc- 
tuations or changes within the cycle are very rapid, 
has at each instant of time a practically uniform dis- 
tribution throughout the winding. Voltages between 
points in the winding at any instance are approxi- 
mately proportional to the numbers of intervening 
turns. Practically uniform voltage distribution thus 
prevails throughout such windings in normal steady 
operation at ordinary commercial frequencies. On 
the other hand, the resulting voltage distribution 
at the instant of a sudden voltage change, as from the 
closing of a switch, is far from uniform, and results 
in an internal oscillation. Moreover, voltage dis- 
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tributions and oscillations due to successive sudden 
voltage changes will superpose, augmenting each other 
if in synchronism and in phase, but tending to neutral- 
ize each other if in phase opposition. The internal 
voltages resulting in this manner from a succession 
of sudden voltage changes thus depend upon the way 
the changes are timed with respect to each other. 
Similar results will be produced, if the voltage changes 
at the terminals are sufficiently rapid, even though 
they are not absolutely instantaneous. With an ex- 
ternal oscillation or high-frequency wave train arriv- 
ing at the terminals, if the frequency is the same as 
the frequency of the internal oscillations, internal 
resonance will occur, and excessive voltages may he 
produced between neighboring portions of the winding. 
A single large sudden or quick change of voltage at 
the terminals of a winding may, in fact, produce 
transient voltages between turns which are very large 
as compared with those corresponding to uniform 
distribution, and the insulation stresses resulting 
from a succession of voltage impulses or a high-fre- 
quency wave train may become relatively much higher 
than those due to a single impulse. 
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EXTRA INSULATION CONSTITUTES TREATMENT 
OF SYMPTOMS 


Occurrences of the phenomena described above 
have demonstrated themselves in practise through 
years of painful experience, in the rupture of insula- 
tion between turns and between coils, resulting from 
switching, arcing grounds and lightning. As demands 
for reliability increased, and experience seemed to 
show the need of it, the insulation was increased, until 
its effect upon the cost and characteristics of trans- 
formers became a serious handicap. An unfortunate 
and for a long time mysterious phase of the situation 
lay in the fact that each increment in the insulation 
provided seemed to be followed, and as we can now 
understand, actually was followed, by a corresponding 
increment in the transient voltages which might appear 
to break it down. (From what follows, this will be 
seen to be due to the reduction of capacitance between 
turns caused by the increased thickness of the inter- 
vening spaces occupied by the insulation.) 


OBJECT OF THE PAPER 


While it has long been known that these results 
were due to capacitance within the winding, it is ob- 
viously impossible to eliminate capacitance, and the 
subject was not sufficiently well understood to avoid 
the evil effects. Itis the object of this paper to enun- 
ciate a fundamental principle whereby the evil effects 
of capacitance in windings can be avoided, and to 
describe several practical methods for the application 
of this principle. The principle involved becomes 
obvious and will be stated after a brief review of the 
way capacitance occurs in windings and of how it 
affects voltage distribution. 


DISTRIBUTION OF CAPACITANCE 


Every portion of the inductance of any winding, 
as represented by a turn or a coil, may be considered 
as having a certain amount of capacitance in parallel 
with it, as the capacitance between turns and the 
capacitance hetween coils. The conclusions which it 
is here desired to draw from these considerations will 
not be affected by the fact that these capacitances 
are distributed around the turns and through the coils. 
Capacitances or elements of capacitance are also 
found between the various parts of the winding and 
grounded parts of the apparatus or surrounding objects, 
which will be included under the general term of capac- 
itance to ground. 


EFFECT OF CAPACITANCE ON INITIAL DISTRIBUTION 
OF SUDDENLY IMPRESSED VOLTAGES 

Any voltage appearing suddenly at the terminals of 

such a combination of inductance and capacitance 

must be accompanied by an impulse of current nec- 

essary to charge the various elements of capacitance. 

The charge for each element is transmitted through 


other capacitance elements in series with it, since no 


eurrent can flow through the inductance at the first 
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instant. It is evident, therefore, that the voltage 
distribution at the first instant will be that due to the 
action of capacitance alone. In the ordinary winding, 
this distribution will be far from uniform with respect 
to the turns and coils of the winding, the instantane- 
ous voltage across the end turns, for instance, being 
relatively very great. 


EFFECT OF CAPACITANCE ON INITIAL DISTRIBUTION 
OF CURRENT GROWTH 


The voltage across each individual turn, result- 
ing from the initial distribution due to capacitance, 
constitutes the initial impressed voltage for that 
particular turn. This voltage must be opposed by 
an equal voltage magnetically induced in the turn. 
This induced voltage, however, is not merely that due 
to the self-inductance of the individual turn, but it is 
the summation of the voltage of self-inductance, which 
is due to the growth of current in this turn alone, 
and all the voltages of mutual inductance set up in 
this turn by the growths of current in other turns. 
The growth of current will be maximum in those 
turns for which the impressed voltage is maximum 
while in the turns of minimum impressed voltage the 
current growth may be minimum in the positive sense, 
or it may be in the negative sense with maximum 
negative value. A negative growth of current will 
occur in any turn-in which the summation of voltage 
of mutual inductance due to current growths in other 
turns which is opposed to the impressed voltage for 
that turn is greater than this impressed voltage. 


PRODUCTION OF INTERNAL OSCILLATIONS 


The natural tendency of this initial distribution 
of current growth, by redistributing the condenser 
charges, is toward a uniform distribution of the voltage. 
Unfortunately, however, as this condition is approached 
we find a nonuniform distribution of current. With 
perfect mutual inductance between all of the turns, 
the current would become uniform at the proper in- 
stant, and both current and voltage distribution would 
remain uniform, but on account of magnetic leakage 
between different parts of the winding, the current 
can be brought to uniformity only after a further 
redistribution of voltage, giving maximum voltages 
where minimum voltages were previously found, and 
vice versa. 


SUPERPOSITION OF OSCILLATIONS 


We have thus roughly outlined the first swing of 
an internal oscillation which will be gradually damped 
out, resulting in a condition of uniform voltage dis- 
tribution provided there are no further quick voltage 
changes at the terminals. If a succession of such 
voltage changes appear, the voltage distribution and 
oscillations which would be caused by each change 
will be superposed upon the remaining effects of al! 
previous changes. 
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FUNDAMENTAL PRINCIPLE ON WHICH THE 
CONSTITUTIONAL REMEDY IS BASED 


The fundamental principle whereby these non- 
uniform voltage distributions and oscillations may be 
eliminated from windings will now be stated as follows: 

If the capacitance associated with any inductance is 
so disposed that the initial distribution of a suddenly 
umpressed voltage, which is effected by the capacitance, 
is uniform with respect to the inductance, the growth 
of current within the inductance will be uniform, and 
the voltage distribution will therefore remain uniform, 
each element of capacitance receiving charge at the same 
rate that it loses it. 

In a winding which meets these conditions, the 
current in all parts will be the same at each instant 
of time. The action within a given turn of the mutual 
inductances between it and the various other turns, 
in this case, will be exactly like and simultaneous with 
that of its own self-inductance. These mutual induc- 
tances are with propriety, therefore, all included with 
the strictly self-inductance of the turn as the induc- 
tance referred to in the statement of the principle, 
although it is necessary to distinguish between the 
self-inductance of the turn and mutual inductances 
between it and other turns in considering the effects 
of quick voltage changes when this principle is not 
complied with. 


PERFECT CURE WOULD RESULT FROM 
EXACT APPLICATION 

In a winding fully complying with this principle, 
the voltage distribution would be uniform at all times, 
without regard to the abruptness or frequency of volt- 
age changes at its terminals. The voltage which 
could appear across the insulation between turns or 
between coils would be limited to a value proportioned 
to the voltage at the winding terminals by the ratio 
of the number of intervening turns with the total 
number of turns in the winding. To provide the insu- 
lation necessary for safety, therefore, it would be 
necessary to consider only the proportional part of 
the maximum voltage which can appear, or would be 
permitted to appear, across the total winding. More- 
over, for the provision of suitable external protection, 
it would be necessary to limit only the maximum voltage 
the suddenness and frequency with which voltage 
changes occur being of no importance. 
APPROXIMATE METHODS GI\ING PRACTICAL RESULTS 

Several methods will now be described whereby a 
disposition of capacitance in accordance with this 
principle may be obtained with sufficient approxi- 
mation for practical purposes, thus reducing the insu- 
lating of windings to a rational basis wherein the 
internal insulation required bears a definite relation 
to the normal operating voltage between the parts 
involved, as expressed by moderate factors of safety, 
and at the same time removing the necessity for 
restrictions as to switching, eliminating the danger 
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from arcing grounds and simplifying the duties of 
lightning arresters. 
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Fig. 1—Reactror WINDING IN Cross-SECTION—CASE AND 
LAMINATED CorRE GROUNDED 


The reactor is chosen for illustration instead of a transformer on account 
of its more simple arrangement of inherent capacitance, which is shown 
diagrammatically in Fig. 2. The methods of correcting faulty arrange- 
ments of capacitance, illustrated in Figs. 3, 4 and 5 with reference to this 
winding, if correctly carried out, are applicable to the more complicated 
cases of transformers. 


GENERAL METHOD APPLICABLE TO ORDINARY WIND- 
INGS, SUPPLEMENTING INHERENT CAPACITANCE 

A general method suggests itself which is applicable 

to ordinary windings, by the provision of a system of 

supplementary capacitances or condensers, so propor- 
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. Fig. 2—ARRANGEMENT OF INHERENT CAPACITANCE WITH 
INDUCTANCE IN THE Reactor or Fie. 1, SommpwHat SIMPui- 
FIED 


Inductance elements Lc correspond to the individual coils, condenser 
elements Cc, represent capacitances between coils and condenser elements 
Cg represent capacitances to grounded core and case, Without 
ground capacitance, the initial distribution of suddenly impressed voltages 
would be uniform. The ground capacitances cause greater initial voltages 
across coils which are nearer to the line terminals, resulting in subsequent 
oscillations. 


tioned and interconnected with the winding as to give 
the desired disposition of combined supplementary 


and inherent capacitance. This is illustrated in 
connection with the very simple arrangement shown 
in Fig. 2, which is here chosen for simplicity of treat- 
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Fig. 3—A Metyop or NEUTRALIZING EFFECTS OF GROUND 
CAPACITANCE IN ARRANGEMENT SHOWN IN Fic. 2 

This method is applicable only when the winding is definitely grounded 

at some point. It consists in connecting condensers Ci, C2, etc., across 

individual coils, the capacities of the respective condensers being given 


mon 


by the equation Cy = Cg, where n is the number of the supplemen- 


2 


tary condenser, counting from the point of grounding. 


ment. This diagram represents a simplification of 
the disposition of inherent capacitance in the reactor 
winding of Fig. 1. The capacitances between coils 
appear as equal condenser elements, C,, in parallel 
with the equal inductance elements, L,, which repre- 
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Fic. 4—A Meruop or NEuTRALIZING Errects oF GROUND 
CaPaciTANcE ALTERNATIVE TO THAT SHOWN IN Fic. 3, 
APPLICABLE ONLY WHEN WINDING IS GROUNDED 


Condensers C:, Cz, etc., are connected between the line terminals and 
various points of connection between coils. The capacities of the re- 


n 
spective condensers are given by the equation Cz = ai Sait Cz, where n 


is the number of the supplementary condenser, counting from the point 
of grounding, and N is the number of coils between this point and the line 
terminal. 


sent the inductances of the individual coils. The 
condenser elements, C, represent capacitances to 
ground or to neighboring conducting surfaces. If 
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the ground capacitances could be eliminated, and if 
the arrangement of inherent capacitance with induc- 
tance were adequately represented by the C, and L, 
elements of Fig. 2, this would constitute an ideal arrange- 
ment in which the initial distribution of a suddenly 
impressed voltage would be uniform. The ground 
capacitances result in a condition for the various 
coils with respect to the suddenly impressed voltage, 
with which we are familiar in connection with suspen- 
sion insulators, where the maximum voltage appears 
across the disk at the line end of the string. In the 
winding, the initial voltages will be greater for coils 
which are nearer to the line terminal, and these initial 
voltage distributions result in oscillations, as des- 
cribed above, due to reactions between the inductance 
elements and the capacitance elements. Specific 
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Fig. 5—A Mertuop or NEUTRALIZING Errects or GROUND 
CAPACITANCE IN ARRANGEMENT SHOWN IN Fig. 2, WHICH DOES 
NoT REQUIRE GROUNDING 


The condensers, Cg, connected across the individual coils, must be 
large as compared with the inherent ground capacitances or possible in- 
equalities between intercoil capacitances. If the coil inductances are 
unequal, these condensers must be unequal, their capacitances being in 
inverse proportion with the inductances. 


methods for correcting this faulty disposition of in- 
herent capacitance by means of supplementary con- 
densers, which, if correctly carried out, are applicable 
to the more complicated cases of transformers, will 
now be given. 


MeErtTHops LIMITED TO GROUNDED WINDING 

If the winding is definitely grounded at one end, 
we will be able to neutralize the effects of the C, ele- 
ments, by means of supplementary condenser elements, 
by either if the methods illustrated in Figs. 3 and 4. 
With all the capacitance elements C, equal, the required 
capacitance of any supplementary condenser C,, 
in Fig. 3, is 
mtn 

4 


and the required capacitance in Fig. 4 is 


ike CG, 


nN 
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where ” is the number of the condenser, counting from 
the grounded end, and N is the total number of coils. 


METHOD WITHOUT GROUND LIMITATIONS 


To carry out correctly the arrangements shown in 
Figs. 3 and 4 would require an indefinite number of 
sizes of auxiliary condenser units to fit the different 
cases and definite knowledge of the amounts and loca- 
tions of the inherent capacitances of the winding. 
Moreover, they would possess the obvious disadvantage 
that they can be applied only in connection with a 
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Fig. 6—TarerReD SINGLE-LAYER WINDING EMBEDDED IN 
DIELECTRIC OF A CONDENSER CONSISTING OF Two CONCENTRIC 
CYLINDERS 


The condensers plates (cylinders), are respectively connected to the 
winding terminals, and the winding progresses gradually, turn by turn, 
in the radial direction from one plate to the other, so that the electrostatic 
potential impressed upon each turn by the action of the condenser field 
corresponds to a uniform distribution of voltage. Nonuniform voltage 
distributions and internal oscillations cannot occur in windings so disposed. 


grounded winding. A method without these disad- 
vantages is illustrated in Fig. 5, where the auxiliary 
condenser units, C,, are all equal, and of sufficient size 
to overpower the inherent capacitances to ground. 
‘That is, the capacitance C, is negligibly small in com- 
parison with the capacitance of an auxiliary condenser 
unit. With this arrangement it makes no difference 
where the ground is located on the protected winding, 
or whether or not it is grounded at all. 


MorE GENERAL CASE AND ALTERNATIVE STATEMENT 
OF FUNDAMENTAL PRINCIPLE 


The method illustrated in Fig. 5 has been described in 
connection with a winding in which the various induc- 
tance portions were assumed to be equal. It is clear, 
however, that the same general method is applicable 
to any winding in which leads for connection to conden- 
ser units are brought out at convenient intervals, 
breaking up the inductance into parts which may not 
be equal. In this case, the capacitances of the aux- 
iliary condenser units must not be equal but must be 
proportioned in accordance with the fundamental 
principle given above. For this application the prin- 
ciple may be stated in a more convenient form, as 
follows: 

To give uniform distribution, with respect to the induc- 
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tance, of voltages appearing suddenly across the terminals 
of windings, the capacitances in parallel with all of the 
various portions of the inductance must be in inverse 
proportion with the respective portions of inductance. 


LIMITATIONS OF SUPPLEMENTAL METHODS 


The methods which have been described insure that 
the voltages which can appear across the various coils 
or portions into which the winding is divided by the 
condenser leads are proportional to the respective 
portions of inductance, the sum of these partial voltages 
at any instant being the total instantaneous voltage 
across the whole winding, but they do not insure uniform 
distributions within the individual coils or portions of 
the winding, since the way capacitance occurs within 
these portions has not been affected. 

If the way the voltage appearing across any individ- 
ual coil distributes itself throughout the coil were not 
affected it is evident that voltages which may appear 
between turns or across portions of the coil will be 
reduced in the same proportion as that across the whole 
coil. As a matter of fact the reduction in voltage 
between turns or across portions of the coil will be 
greater in proportion than that across the coil as a 
whole, and this proportional reduction will be more 
marked the larger the auxiliary capacitances which 
are used. This is on account of the relatively large 
amount of electricity required to charge the auxiliary 
condensers, and the limited current which can be sup- 
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Fig. 7—CyninpricaL SINGLE-LAYER WINDING EMBEDDED 
IN DIELECTRIC OF A CONDENSER CONSISTING OF Two PARALLEL 
PLATES 


The equivalent arrangements shown here and in Fig. 6 are typical forms 
of a general method for the construction of windings with the ideal dis- 
tribution of inherent capacitance. * 


plied from the line. The change in voltage across the 
entire winding, and consequently, that across the 
individual coil, will be less rapid with the condensers 
than without them, and less non-uniformity of voltage 
distribution among the turns of the coil result natu- 
rally from the more gradual change across the coil as 
a whole. 


METHOD OF CONSTRUCTING WINDINGS WITH IDEAL 
DISTRIBUTION OF INHERENT CAPACITANCE 
The methods which have thus far been described 
are applicable as a corrective measure in connection 
with ordinary windings of previous types. It is, how- 


304 


ever, possible to design and build windings in 
which the inherent capacitances will have the ideal 
distribution, so that no supplementary condensers 
will be needed. A general method which completely 
meets the conditions for uniform voltage distribution 
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Fig. 8S—MULTILAYER WINDING, IN CROSS-SECTION OF 
Tyrz SHOWN IN Fie. 6 

The last turn of one layer is connected to the first turn of the next layer 
by a series lead passing between the layers. Except for. the disturbing 
effect of these leads, which constitutes a departure from ideal conditions, 
this arrangement gives the same results as a single layer of three times the 
length, progressing gradually from one cylindrical plate to the other. A 
slight modification of this arrangement would result from making the 
winding layers cylindrical and tapering the plates. 


with respect to the individual turns, without the use 
of supplementary condensers, is illustrated in typical 
forms in Figs. 6 and 7. This method consists in enclos- 
ing or embedding the entire winding within the dielec- 
tric of a suitably proportioned condenser, the terminal 
plates of the condenser being connected to the terminals 
of the winding, and each turn of the winding being so 
positioned that, with uniform voltage distribution, 
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Fig. 9—ARRANGEMENT EGUIVALENT TO THAT SHOWN IN 
Fie. 8 


The series leads between layers are eliminated by inverting the middle 
layer, 


its potential will be the same as that which would 
exist in the part of the dielectric where the turn is 
located if the winding were not present. Turn by turn 
or element by element, the winding traverses the dielec- 
tric of the condenser, progressing gradually from one 
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terminal plate toward the other. Modifications of these 
typical forms, embodying multilayer constructions, 
are shown in Figs. 8 and 11. 

EFFECT OF WINDING CONDUCTOR THICKNESS 


A matter to be noted in connection with these ar- 
rangements of windings between condenser plates is 
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Fie. 10—MopiricaTIOoN OF ARRANGEMENT SHOWN IN Fia. 9 

Cylindrical layers or sections of layers are substituted for the tapered 
layers. With the mid turn of each layer section in its correct position with 
respect to the condenser plates, corresponding to Fig. 9, it is seen that the 
other turns are slightly displaced from their ideal positions. This arrange- 
ment permits the introduction between layers of insulating cylinders and 
of passages for the circulation of cooling fluid. These passages are offset 
as indicated by the curved arrows. 


found in the fact that the winding conductor occupies 
space which otherwise would be occupied by the di- 
electric of the condenser. If this conductor possessed 
only length and breadth, lying within equipotential 
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Fig. 11—Muvtuticoi. Winning or Typr SIMILAR TO THAT 
SHown IN Fia. 7, THE Corns BEING CoNICAL IN SHAPE INSTEAD 
OF CYLINDRICAL 


The arrangement of this winding with respect to the disk-shaped con-. 
denser is similar to that of Fig. 8 with respect to the cylindrical condenser 
A slight modification of this arrangement would result from making the 
coils flat and the condenser plates concial. Other practical modifications 
of this arrangement, similar to those shown in Figs. 9 and 10for the arrange- 
ment of Fig. 8, are obvious. 


surfaces, no effect would be felt, but due to its thick- 
ness in the direction of the field, it eliminates or short- 
circuits all potential drops within the space occupied. 
So far as the dielectric is concerned the effective dis- 
tance between the plates is thus reduced by the com- 
bined thickness of the intervening conductors. In 
fixing the relative distances of the various turns from 
the respective plates, the thickness of intervening 
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conductors should be neglected, measuring only those 
portions of distance which are within the dielectric, 
and, of course, measuring in each case to the adjacent 
surface of the turn, and not to the center of its section. 


PRACTICAL MODIFICATIONS AND APPROXIMATE 
METHODS 


As in the ease of all engineering applications, prac- 
tical considerations must here be taken into account: 
With the arrangement shown in Fig. 8, we find a dis- 
turbing element in the leads passing between the layers 
for connecting adjacent layers in series. These leads 
locally reduce the effective distance through the dielec- 
tric between layers, thus introducing extra voltage 
stresses. This becomes important when the normal 
layer voltages are high. If this were the only matter 
to be considered, this disturbing element might be 
escaped by inverting intermediate layers, giving 
the arrangement illustrated in Fig. 9. This would 
be a theoretically good arrangement, but one which 
may be modified further with several important 
practical advantages, making the arrangement only 
a little less good from the standpoint of voltage 
distribution. Thus, in the arrangement shown in 
Fig. 10, cylindrical insulating barriers have been 
introduced between adjacent layers, ducts have been 
opened up for the free circulation of cooling fluid, and 
the winding layers have become cylindrical instead of 
tapered. The middle point of each cylindrical layer 
portion of the winding occupies its ideal position in 
the dielectric, while turns on opposite sides of each 
mid-turn make slight departures from their ideal 
positions in opposite directions, the departure increas- 
ing gradually as we pass further from the mid-turn. 
This will permit corresponding departures from uni- 
form initial distributions of suddenly impressed volt- 
ages within the individual layer sections, although 
the distribution of the total terminal voltage among 
the different sections will be in proportion with the 
numbers of turns between respective mid-turns. 


Discussion 


M. E. Skinner: I do not understand from the paper that 
actual transformers or even reactors have been constructed in 
which the inherent but rather disturbing effects of leads, con- 
nections and taps, space occupied by the conductors themselves, 
and of non-uniform induetanee per turn, have been overcome. 
The paper appears to erystallize several ideas as to how these 
inherent difficulties may be overcome, but the structures illus- 
trated are still a long way from anything employed at the present 
time in power or distribution transformer construction. It is 
interesting to note that the solution chosen for the problem of 
taps is their complete elimination. This is undoubtedly the 
most effective as well as the easiest way out. The fact that it 
has been found advisable to reinforce the insulation of the end 
turns of so simple a winding as that employed in an air core 
reactor, illustrates the difficulty of applying the principle upon 
which Mr. Weed’s paper is based to commercial apparatus. 

In this connection I should like to point out that the number 
of transformers which fail from overheating and from mechanical 
stresses is probably as great as the number which fail from volt- 
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age stresses. Of the insulation failures, relatively few occur 
between line turns. It would therefore appear as though the 
present practise of padding the insulation between the turns 
connected to the line was taking care of the situation admirably 
and this with no decrease in mechanical or thermal reliability 
and at very little increase in cost. 

The picture drawn by Mr. Weed of the ease with which high 
voltages are built up in a transformer winding is rather alarming. 
However, it is comforting to remember that actual exhibitions 
of these high voltages on commercial systems are rare. 

I believe that more improvement in service records will result 
from a reduction in the number of taps and leads, and from more 
thorough insulation of these exposed points in transformer 
windings than from such a delicately balanced winding con- 
struction as is proposed in this paper. 

F. F. Brand: Mr. Weed is to be congratulated on the clear 
manner in which he has outlined the theory of transient voltages 
in windings and methods of eliminating them in simple eases. 

There are unfortunately other factors than insulation to be 
considered in transformer design. Some of these fundamentally 
tend to have an opposite effect on the design. 

Consider only the mechanical forces between windings. These 
are naturally higher in low-voltage transformers than in those for 
high voltages. The smaller insulating clearances necessary, 
the better space factor of the windings, result in increased flux 
densities surrounding the windings and thus result in higher 
forces. 

For this reason the style of winding most suitable for low volt- 
ages may be radically different from that suitable for high 
voltages. In the former, mechanical force problems may pre- 
dominate, in the latter, insulation problems. 

Thus any method which makes it easier to insulate between 
the various parts of the structure, which enables the windings 
to be made more compact, increases the mechanical forces, and 
this must be considered in selecting the type of winding. 

There is also a limit, due to variation in insulating value of the 
materials used, or to possible damage of the insulation, beyond 
which it is not safe to reduce the insulation and this, in connec- 
tion with the mechanical forces produced under such conditions 
as short circuits, may make it uneconomical or impractical to 
use windings of the types illustrated which can be perfectly 
shielded. : 

Most of our present transmission systems are very complicated, 
there are wide variations in transformer requirements even on 
one system or circuit and these militate against the use of such 
shielding arrangement. : 

With the growth of extra high-voltage systems, where syncehro- 
nous regulation becomes necessary, where systems assume the 
type of great trunk lines, the transformer requirement should 
become more fixed under all operating conditions. Further- 
more the tendency to use solidly grounded neutral enables 
radical departure in transformer design to be made. These 
facts may and should allow the use of more perfect shielding 
of windings than has yet been accomplished commercially, 
although we must recognize that the grounded neutral system 
will probably increase the frequency of short circuits, because 
every insulator failure at once develops into a short cireuit, and 
thus mechanical conditions may again bé of inereased importance 
even in extra high-voltage designs. 

H. O. Stephens: In considering the design of transformers 
to withstand the transient voltages which always oceur in 
operation the designing engineer has the choice of four methods. 

1. He may disregard all means of eliminating or reducing 
these excess voltages and must recognize that they will be pres- 
ent between turns, between coils, between windings and between 
windings and ground. In this ease it will be necessary to 
provide sufficient insulation at all of these points to withstand 
the maximum transient voltages that may occur under the most 
severe operating conditions. 
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2. He may use lightning arresters at all points of danger to 
prevent rises in voltage materially above the line voltage. He 
may use high-frequency absorbers to prevent line oscillations 
below the discharge voltage of the arresters. He may shunt in- 
ductaneces with resistors where possible in order further to 
absorb the energy in high-frequency oscillations. If the expe- 
dients employed to keep the abnormal transient voltages as low 
as possible are wholly successful, he may insulate the trans- 
former between adjacent parts to withstand only the normal 
voltages with a reasonable factor of safety. 

3. He may design the transformer along the lines brought 
out by Mr. Weed’s paper so that the relation between inductances 
and capacitances within the transformer are such that a uni- 
form distribution of transient voltages throughout the windings 
will be obtained. In this case he may also provide the trans- 
former with only the necessary insulation to withstand the 
normal voltages with a reasonable factor of safety. 


4, He may choose a proper balance between all of the three 
methods outlined above, using lightning arresters and what- 
ever means are available for reducing the transient voltages to 
a minimum, designing the transformer so as to obtain as uniform 
a distribution of voltages throughout the windings as practicable 
and finally providing sufficient insulation to withstand the 
voltages which calculation and experience show will be developed 
between the adjacent parts of the windings. 

Transformer design consists so largely in choosing a proper 
balance between diametrically opposing characteristics that it 
is seldom possible to carry out any single idea to its logical con- 
clusion. If it were always possible to design transformers with 
the simple types of windings shown in Mr. Weed’s paper it would 
be feasible to carry out the shielded winding construction to 
its full possibilities. Unfortunately however, the trans- 
former is the connecting link in all systems between all 
other electrical apparatus and must therefore be adapted to 
all of the peculiarities and vagaries of all apparatus and systems. 
Even in the simplest design taps are usually necessary to com- 
pensate for variation in system conditions and a very large 
percentage of transformers have to be designed to operate on 
different parts of the same system and in some eases on different 
systems so that they may and very frequently do become ex- 
tremely complicated. As soon as taps or series multiple econ- 
nections are a necessary feature of the windings it becomes 
practically impossible to carry out a system of shielding the 
windings which will give anything like a uniform distribution 
of transient voltages. 

In the present state of the art it would appear that the best 
engineering judgment would dictate that we follow the middle 
ground outlined under paragraph four. Experience has shown 
that with proper consideration given to system layout and opera- 
tion, with careful disposition of the transformer windings so as 
to avoid groupings that will actually invite dangerous resonant 
conditions, and with reliable insulations so disposed as to insure 
ample protection against these now well-understood transient 
voltages, modern high-voltage transformers have proved very 

‘reliable from an insulation standpoint. 

However, Mr. Weed deserves much credit for the way he has 
worked up this physical conception of the behavior of transients 
and even if it may never prove entirely practical to adopt it in 
its entirety, there is no doubt that consideration of this method 
of preventing dangerous rises in voltage has already been of 
considerable benefit to the transformer designer in teaching him 
how to avoid specially objectionable combinations of internal 
inductance and capacitance. 

L. F. Blume: The value of Mr. Weed’s paper consists 
in its emphasis of the fundamental principles which govern the 
relation between induetance and eapacitance of a winding. 
A transformer winding, reactor or similar electrical apparatus, 
usually classed as possessing the property of concentrated induct- 
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ance is in reality a very complex eireuit consisting of a large 
number of inductances and capacitances in series and in paral- 
lel. For example, atypical transformer winding possesses capaci- 
tances from turn to turn, from layer to layer, from coil to coil 
and also from the external surfaces to other parts of the appa- 
ratus and to ground. These capacitances are so enmeshed 
with each other and with the various inductances of which the 
winding is composed that it is generally hopeless to disentangle 
them for purposes of analysis. 

However by clearly describing an ideal principle of design 
Mr. Weed makes a forward step towards the understanding 
of the problem, and, what was heretofore a hopelessly complex 
mesh-work now becomes a regular pattern of inductanees and 
capacitances the action of which is readily understood. 

The principle may be crudely stated as follows: 

Imagine that the conductors in a winding are broken at each 
turn so that no current can flow through the copper. Under 
this condition the voltage distribution within the windings due 
to an alternating source of potential is entirely governed by the 
capacitances possessed by the windings. 

If the winding has been designed so that the voltage dis- 
tribution throughout the winding under the aforementioned 
condition is identical with the voltage distribution under ordi- 
nary conditions, then there can never be an interchange of current 
between the inductance and capacitance portions of the winding 
and therefore under all conditions of excitation, normal and 
abnormal, the voltage distribution remains unchanged. 

Several transformer windings built in Pittsfield in accordance 
with this principle were subjected to all sorts of high-frequency 
tests and voltage impulses. A complete verification of its theory 
was obtained. In attempting to apply this principle, however 
the designer cannot lose sight of other very practical considera- 
tions. Mechanical strength, cost of winding, reactance, cooling 
and insulation, all require due thought and at best a design is a 
compromise in order that all of these may be properly taken care 
of. The elimination of internal concentrations or their reduc- 
tion to a minimum is one of these, and the designer has the choice 
of reducing the abnormal stress by skillful manipulation of the 
capacitances or of employing sufficient insulation to withstand 
them. 

The various shielded windings which are described by Mr. 
Weed differ from ordinary windings used in transformers mainly 
in two respects. First, a metal shield is connected to each ter- 
minal. Second, capacitance of the winding to ground is elimi- 
nated. 

From these differences it is a simple step to the conclusion 
that voltage concentration and internal resonance in ordinary 
windings is largely due to the small surface area of the winding 
terminals, and to the comparatively large capacitance of the 
coil surface to other parts and to ground; and by increasing the 
one and decreasing the other improvement in coil design from 
the standpoint of transient voltages might be expected. 

Appreciable improvements can thus be secured in many trans- 
former windings without employing the rather radical depar- 
tures that are suggested by Mr. Weed, and without sacrificing 
other important considerations. For example the use of a metal 
clamping plate in close proximity to the end coils and electrically 
connected to the terminals in a cylindrical coil strueture very 
effectively reduces the voltage concentration on the end turns 
when a surge occurs. Again by shortening the coil stack the 
surface capacitance to ground is decreased and by this means 
voltage concentration under abnormal conditions is appreciably 
lessened. 

Whether it is desirable to proceed further toward the ideal 
winding depends in addition to the limitations imposed by other 
design considerations mentioned above, upon whether the ab- 
normal voltages introduced are sufficiently severe or oceur 
sufficiently often, and whether the use of more insulation may 
not serve just as well. — 
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Abnormal voltage stresses due to any cause whatever occurs 
at most, only occasionally and then the duration is extremely 
brief. This, together with the fact that a given insulation is 
capable of withstanding for very short time a much greater 
stress than for longer periods, helps to reduce materially the 
burden on the insulation. 

The above facts are presented not for the purpose of dis- 
counting in any way the value of Mr. Weed’s paper, but to point 
out that failure of applying to practise entirely the principle in 
the manner described by him is due not to a lack of appreciation 
of the importance of the theory but to many other factors that 
help to determine the nature of the design. 

C. L. Fortescue: This paper is very interesting to me for 
many reasons. One of them is that I recognize the same ideas 
that have been used in connection with obtaining better distri- 
bution on strings of insulators. It seems rather peculiar that 
transformer windings and strings of insulators should require 
similar methods in order to get good distribution under transient 
conditions, but such is the ease. If you could imagine a uniform 
inductanee which has no distributed capacity, that inductance 
under an impulse would divide the impulse equally throughout 
all parts of its windings. However, it is impossible to get an 
inductance without distributed capacity, and therefore we must 
consider what determines the distribution of the impulse through 
-a winding which has distributed capacity. 

First of all, leave out of account the inductance itself. If 
we have capacity, in order to determine the potential of that 
capacity, we must have charge. That means we must have 
eurrent flowing for a finite time. The impulse of voltage across 
the inductance is determined by the rate of change of the im- 
pulse, and therefore we cannot pass sufficient current in a given 
time to charge up the connected capacity to the right potential. 
In order to get the proper distribution, we must take the capacity 
part of our system, and so design it as to give uniform distri- 
bution of voltage. 

In Fig. 3, of Mr. Weed’s paper we have one method which is 
prosposed. That method is identical with that known in 
insulator strings as grading the insulators, that is to say, the 
insulator in the line which has a greater part of the capacity 
current, due to distributed capacity to take care of, is made of 
larger capacity—its capacity admittance is increased, and as 
the insulators approach towards ground, the capacity is graded,— 
those near the ground end being of less capacity than those near 
the line end. This method has been found quite effective, in 
giving proper distribution, and of course the distribution is 
entirely independent of the frequency or the rate of change. 

Fig. 4 corresponds to the use of shields, such as the distribu- 
tion shield at the terminal of the insulator string on the high- 
voltage side. This shield increases the capacity of the lower 
insulators, the line insulators, to the line, and grades the capacity 
in a manner similar to that shown by Mr. Weed; that is to say 
the capacity to the line is of such a magnitude that it completely 
annuls the distortion due to capacity to ground or the distributed 
capacity of the insulator string. 

Fig, 5 shows another method that is being considered in con- 
nection with improving the distribution of potential over strings 
in insulators, that is to say, by making the capacity between 
adjacent insulators large compared with the capacity of the 
hardware to ground so that the latter becomes negligible as 
eompared to the capacity between insulators. In this way a 
very excellent string distribution can be obtained. 

Fig. 6 illustrates another method of shielding. For example, 
in the case of a string of insulators, if we put on the top and 
bottom of the insulators, a shield sufficiently large to give a field 
in the neighborhood of the string corresponding to that between 
two infinite parallel planes, we shall have a condition such that 
. each insulator will have a capacity to the ground shield and a 

capacity to the high-potential shield of such value as to main- 
tain each at its proper potential. and we shall get a string distri- 
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bution, determined simply by the capacity between adjacent 
insulators. 

Nine years ago I called attention of the Institute in a paper 
to a general theorem of electrostatics on systems of conductors 
having potentials, which covers in a general way the principles 
for obtaining any desired potential distribution. It may be 
stated in the following way: Arrange the system so that its 
natural potential distribution shall correspond to the natural 
electric distribution due to end electrodes or terminals. If you 
do this, you will get a condition ia which there is no discharge 
between the individual members and the external space and 
you will then have the most efficient system. 

As far as the application of these ideas to tranformers is 
eoncerned, I think certain types of winding tend towards the 
elimination of these transient maldistributions. The tendency 
is to use a distributed form of winding in which the high-tension 
part of the winding is removed from the ground as far as possible, 
and therefore its capacity to ground is decreased while of course, 
its capacity towards the high-tension terminals is correspond- 
ingly increased. The capacity is large for such a type of 
winding and it has a great deal of strength against transients 
coming in on the line. It approximates very elcsely the charae- 
teristics Mr. Weed pointed out. 

J. F. Peters: When one considers the enormous voltages 
that theoretical considerations indicate have been produced in 
transformers which have been operating on comparatively 
high-voltage systems in the past, one wonders why any of them 
continue to live through the service; yet transformer failures have 
been comparatively rare. In more recent years the neutral of 
most high- and moderately high-voltage systems have been 
grounded either directly or through resistance, thus eliminating 
or greatly reducing the possibility of arcing grounds—the prin- 
cipal cause of high-voltage disturbances. In recent years the 
few insulation failures in transformers to my knowledge were 
not in or near the end coils and were all in ungrounded-neutral 
delta-connected banks. 

That does not prove that comparatively high voltages may 
not appear across the end turns of transformers, but it does 
indicate that the present practise in insulation is adequate 
for the service, and it is accomplished with reasonable cost. 

The paper presented by Mr. Weed is very interesting indeed. 
It shows theoretically how the maximum voltages in transformers 
ean be reduced, but to actually approach even approximately 
the theoretical ‘constitutional remedy”’ outlined in the paper 
would be extremely difficult and very expensive. The schemes 
discussed by the author in connection with Figs. 8, 9 and 10 
are, I believe, not as simple as one may be led to believe. 
With the arrangements shown in these figures it is assumed, I 
believe, that the total inductance of each turn is the same as 
that of every other turn throughout the winding. That, how- 
ever, is not the case. The current that flows through the wind- 
ing, due to an abruptly applied voltage, appears as a magnetizing 
current and a uniform current throughout the winding will 
not produce a uniform voltage. 


This is because the magnetic circuit is not symmetrical with 
respect to all turns. This condition can best be seen by con- 
sidering a number of identical coils located side by side and all 
connected in parallel. When an a-c. voltage is applied to these 
coils the outer or end coils will take very much greater current - 
than the inner ones and the difference between currents of outer 
and inner coils will be greater the higher the applied frequency. 
That is, the more abrupt the applied voltage the greater will be 
the unequal division of current. Therefore. in order to get a 
uniform voltage across all turns of the structures, shown in 
Figs. 8. 9 and 10, the rate of change in current in the end turns 
of all layers must be much greater than that for the inner turns. 
In order to produce the proper current in all turns during the 
initial adjustment, the coils would have to be curved in cross 
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section instead of straight, as indicated, which would be diffi- 
cult to carry out in practise. 

The schemes shown by Figs. 3, 4, and 5 and particularly that 
shown by 5, could be incorporated in any transformers, but it 
is very probable that after bringing out the additional leads and 
adding the cost of condensers, that the resulting transformer 
would be more expensive and less reliable than those built ac- 
cording to present practise, which are proving themselves en- 
tirely adequate. 

F. W. Peek, Jr.: It was my good fortune to witness the 
tests and to take part to some extent in the work of which the 
shield described by Mr. Weed is one of the practical applications. 
In that investigation, made at Pittsfield, in about 1912, various 
types of transformers were taken and subjected to disturbances 
corresponding to those produced by arcing grounds. Taps were 
brought out from the different coils and-the voltage distribution 
throughout the winding was measured by sphere gaps. Very 
high voltages may be produced in any part of the winding by 
varying the frequency of the disturbance. 

It is surprising that a static shield can be effective in elimina- 
ting these very high local transient voltages. Yet that such is 
the case has been demonstrated by tests. The ideal shield 
described in the paper is difficult to apply in practise. However, 
it is approximated in practise in the way of clamping rings and 
considerable advantage is gained thereby. 

It may be of interest to point out here that the operation of 
the shield is very similar to the stress distributing ring now used 
on high-voltage line insulators. There is this difference, how- 
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Fig. 1—Fovur Coizs or a TRANSFORMER CONNECTED IN SERIES 


Letter C indicates the capacity of the coil, L the inductance of the coil 
and K denominates the coil. J: and T:2 are the terminals. 


ever, in a transformer the voltage distribution under normal 
conditions is determined by the windings. The ring functions 
only under abnormal conditions. In the insulator the shield 
determines the normal] distribution as well as the abnormal 
distribution. 


P. Trombetta (communicated after adjournment): I find 
it very difficult to understand how the author got his conclu- 
sions, I find also that the paper contains some very specific con- 
tradictions which if taken seriously will upset either all hisreason- 
ing, his conelusions or both. Under the topic, ‘Object of the 
Paper,” he states that it has long been known that the high 
voltage resulting at the terminal coils of transformer windings 
is due to the presence of capacitance and that it is obviously 
impossible to eliminate capacitance and that the subject was 
not sufficiently well understood to avoid the evil effects. On 
the other hand, farther on he proposes to eliminate these evil 
effects by introducing more capacitance. It seems quite clear 
to the writer that if the complete elimination of the capacitance 
would clear the effects certainly the nearer we get to the com- 
plete elimination the better should be the results and therefore 
it is impossible to see how by adding more capacitance we cure 
the effects. 
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A closer study of the phenomenon will, however, show that the 
burning of terminal coils in transformers is due to a phenomenon 
which is not at all mentioned in Mr. Weed’s paper and which 
may be explained as follows: 

In Fig. 1, K;, Ko, Kz, K,represent four coils of a transformer; 
In, Ls, L;, Ls represent the inductance of the respective coils, 
Ci, Co, Cz, Cs represent the capacity between turns of the re- 
spective coils. Now as shown by Dr. Steinmetz, any system 
which contains distributed capacity and inductance has no. 
fixed period of oscillation and any piece of such system may oscil- 
late by itself irrespective of the rest of the system, so if we apply 
a voltage at the terminals 7';, 7's of this transformer, we may have 
the transformer as a whole oscillating or any one of the coils 


Fic. 2—Vector DracramM or A Crrcuir CONTAINING 
Capacity AND INDUCTANCE IN PARALLEL 


Ic and Jy represent the currents in the condenser and inductance 
respectively. Jr represents the vector sum of the two currents in phase 
with the e.m.f.; Zc and Jy represent the current vector of such a circuti 
when it is in resonance and neither the condenser nor the inductance have 
any resistance. Jc’ and I.’ represent the same vector in case the con- 
denser and inductance have resistances. 


may oscillate by itself or in combination with any number of 
the rest of them. Now it is well known that if an oscillating 
system is made up of a capacity connected in parallel with an 
inductance with very low resistance, at the resonance frequency 
we obtain the effect known as ‘‘Effet de Bouchon,”’ which means 
that the circuit in which the oscillations are taking place is 
stopped up and no current can pass through it. The veetor 
diagram for such a circuit is shown in Fig. 2 in which £ is the 
applied e.m .f., 7, the current flowing in the condenser circuit, 
and J, the current flowing in the inductance cireuit. It is 
shown in this diagram that if the resistance is zero we may get 
enormous currents flowing through the condenser and the induc- 
tance while no current can flow through the main circuit. 
Therefore, if we say coil K, in Fig. 1 is set in oscillation at reso- 
nance and no current can flow through the circuit, the voltage 
drop through all the rest of the coils would be zero and the total 
voltage applied to K, is equal to the total voltage of the line. 
In other words, in this case of the four coil transformer, the 
voltage applied to K, would be four times its normal voltage 
and hence the insulation is broken down which results in the 
burning of the transformer. 

The conditions for the above effects are more favorable the 
smaller the capacity C, and the larger the inductance L; of the 


. coil because in order to start the oscillation some current actually 


has to pass through all of the coils and the value of initial current 
depends upon the capacity C, that is, by increasing C the amount 
of current which must pass through the whole transformer before 
the system can be set in oscillation is increased on account of 
the fact that by increasing C the frequency of oscillations is 
decreased. On the other hand, it is impossible to pass within 
a very short time any appreciable current through the whole 
transformer due to its inductance and therefore by making C 
large enough we can prevent oscillations altogether. 

J. Murray Weed: My chief effort in this paper was to give 
a clear conception of the causes of transient voltages and voltage 
oscillations in windings, with a theoretical solution of the prob- 
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lem of preventing them. I fully realized the difficulties involved 
in making general application of this solution, and the imposibil- 
ity of making any application perfect, but I felt that it was not 
necessary to emphasize these phases of the subject. The danger 
is not that we will go too far in our efforts to make these applica- 
tions, but rather that conservatism will unduly restrict our efforts 
in this direction. I feel that a thorough knowledge of the funda- 
mental principles should enable us to make partial applications 
which will result in better transformers, or in transformers of 
equal value at less cost. 

This is being done at the present time in the consideration 
given to the effects of various winding arrangements upon the 
distribution of capacitance, and in the use of metal clamping 
plates which are connected to the outgoing leads. 

In the figures of the paper, I have suggested several methods 
of making approximations to the ideal arrangement, some of 
which may be found useful for practical application in suitable 
cases. I did not expect, that any of the methods suggested 
would find general application, but I have gone as far as I have 
been able to go in pointing the way, and I would not be surprised 
to see the application of the general method here illustrated 
carried much further than seems to be expected by most of those 
who have discussed the paper. 

Two or three points in the discussion require specific considera- 
tion. 

In Mr. Blume’s statement of the points wherein the shielded 
windings which I have described differ from ordinary windings, 
he has omitted one of prime importance. This point is brought 
out in the paper, but I take this occasion to emphasize it. To 
meet completely the conditions for uniform voltage distribution, 
each turn must be so positioned within the dielectric of the con- 
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denser that the potential which would be imparted to it by the 
electrostatic field, assuming that this field is not disturbed by 
the presence of the inductance is that which gives a uniform 
voltage distribution with respect to the inductance. ioe 

Mr. Peters has recognized a condition which no one can 
appreciate more keenly than I. It is practically impossible 
to perfectly meet the condition specified in the preceding para- 
graph, which constitutes the essence of the “Constitutional 
Remedy.” The discrepancy due to variations in the inductances 
of different turns in a transformer winding, however, is not so 
serious as Mr. Peters seems to think. I presume that the results 
he speaks of were obtained with coils which were not linked with 
aniron core. That the inductances of all turns in a transformer 
winding are practically equal is demonstrated by the fact that 
transformer design is based upon this principle, primary and 
secondary voltages being proportional to the respective number 
of turns. There is, however, a tendency in the direction which 
Mr. Peters has spoken of, especially for high voltage windings, 
which are distant from the core. That I do not consider a 
moderate discrepancy of this sort serious is sufficiently indicated 
by my proposal, in the last paragraph of the paper, of the ar- 
rangement shown in Fig. 10. My conception of the effects of 
such discrepancies or failures to meet perfectly the conditions 
for uniform voltage distribution is given in the paper under the 
heading ‘‘Limitations of Supplemental Methods.” 

As for Mr. Trombetta, I feel that he may obtain a better 
understanding of the paper if he reads it again, together with 
the discussion which has been contributed by the others. His 
coil Ky, of course, is a part of the winding, and cannot act alone 
in the manner which he has deseribed. Whatever its action, 
it comes within the scope of the theory which I have set forth. 


Colloid Chemistry” 


BY WILDER D. BANCROFT 


Professor of Physical Chemistry, Cornell University 


HE Chairman of your Program Committee wrote 
TL to me that he wished my talk to be a popular pres- 
entation which would interest the members who 
came to themeeting and also a profound discussion which 
could be read with profit by the eighteen thousand mem- 
bers who decided not to come. Hither alternative is a 
large order and the two are mutually inconsistent, so I 
am not likely to satisfy anybody. Your Chairman evi- 
dently forgot that, if I were to tell you all the things 
which I consider interesting about the theory of colloid 
chemistry, I should keep going for several weeks. I 
give my unfortunate class at least twenty-five lectures 
at full speed on this very point. I am going to com- 
promise tonight by telling you of a few things which 
might reasonably be of interest to electrical engineers, 
without making any attempt to cover the whole ground. 
Speaking broadly, we can define colloid chemistry as 
the chemistry of bubbles, drops, grains, filaments, and 
films. These are things of which at least one dimension 
is small. In other words colloid chemistry is the chem- 
istry of materials in which the surface is largé relatively 
tothe mass. For this reason one rather flippant person 
suggested calling the subject superficial chemistry; but 
some of us objected to the connotations. 

Not so very long ago it was the fashion for the lec- 
turer to present colloid chemistry as a succession of 
miracles. It was said to constitute a separate world of 
matter in which none of the facts of ordinary chemistry 
are so. Barium sulphate and metallic gold are soluble 
in water; metallic silver is blue, red, or yellow; globulin 
has a gram molecular weight of 700,000; a suspension 
of gamboge in water behaves like an ideal gas with a 
molecular weight of 200,000 tons; colloidal platinum is 
an inorganic ferment and is poisoned by potassium 
eyanide or by corrosive sublimate; all systems are in a 
state of flux undergoing irreversible changes. 

Fortunately those days are over and we now try to 
make the phenomena of colloid chemistry seem the 
most obvious things in the world. If we start with 
adsorption and the Brownian movements, everything 
else follows fairly satisfactory; but these two concepts 
have not been familiar ones to the chemist and are per- 
haps quite unknown to the electrical engineer. 

One property of every surface is that the surface tends 
to condense upon itself everything else with which it 
comes in contact in amounts which vary with the nature 
and structure of the surface, the nature of the substance 
in contact with the surface, the pressure, and the 
temperature. This formation of a surface film with a 
relatively high concentration is called adsorption. To 
most of us that seems a harmless name for an observed 
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fact; but there are people who do not like it. A dis- 
tinguished biological physicist from Cincinnati claims 
that the crime of the century is not the demonetization 
of silver, but the way in which colloid chemists sail 
under the black flag of adsorption. This metaphor 
seems to me a bit mixed but that is of no importance.’ 
It is possible also that I may have misrepresented my 
friend. It may be that the demonetization of silver 
was the political crime of the last century and that 
adsorption is the chemical crime of this century. 

We know that adsorption takes place and that it is 
specific; but we do not know why hydrogen or carbon 
monoxide concentrate at, or are adsorbed by, a charcoal 
surface, for instance. One explanation is that the 
hydrogen or the carbon monoxide is attached to the 
surface of the charcoal either by regular chemical 
bonds or by contravalences, thus forming something 
analogous to a chemical compound. We cannot go 
any further than this because the carbon particles in 
the charcoal hold to each other more firmly than they 
do to the hydrogen, which would not be the case if 
methane, acetylene, ethylene, or ethane had been 
formed. For most purposes, however, it is quite 
sufficient to know that hydrogen concentrates at, or 
is adsorbed by, a- charcoal surface without bothering 
our heads as to the mechanism of the adsorption. 


While the phenomena due to adsorption constitute 
practically the whole thing in colloid chemistry, we 
cannot dispense with the Brownian movements, when 
we are dealing with fine particles suspended in a liquid. 
If we drop a very fine particle of sand in water, the sand - 
will tend to sink because it is denser than the water. 
According to the kinetic theory, the water molecules 
are in violent motion and consequently will bombard 
the sand particle continuously. If the particle is large 
relatively to the molecule, the bombardment will have 
relatively little effect upon it; but if the particle is very 
small, it will be driven first one way and then another 
by the buffeting of the water molecules. This actually 
happens and, under the microscope, the finely-divided 
particles of any solid may be seen moving continuously 
in a zig-zag fashion. This phenomenon was first 
observed in 1828 by an English botanist named Brown 
and was named after him. 

As would be expected from the theory, the Brownian 
movements are less marked the larger the particles. 
In fact, there is no perceptible motion when the particles 
exceed 4u in diameter, while particles with diameters 
of about 10 uw uw give apparent trajectories up to 20 wu. 
The speed of platinum particles having a diameter of 
10-50 uw uw has been estimated by Svedberg at 200- 
400 « « per second; but Perrin does not believe that 
these estimates are accurate. With increasing vis- 
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cosity of the liquid the Brownian movements decrease, 
which is what one would expect on any hypothesis. 

It is easy to see that the bombardment by the water 
molecules will give rise to irregular movements; but I 
should have supposed that the general effect would 
have been equivalent to a fairly uniform bombard- 
ment from allsides. This is not the case, however, and, 
for some mathematical reason which I have never 
understood, the statistical effect is a greater bombard- 
ment from the bottom than from the top when the 
suspended particle is denser than the liquid and the 
reverse when the particle is less dense. This is. so 
judiciously arranged that the force of gravity is bal- 
anced and consequently this absolutely hit-or-miss 
bombardment results in a practically uniform distri- 
bution of the particles throughout the mass of the 
liquid. 

This practically uniform distribution occurs only 
when the particles are very fine and consequently it 
follows that we shall get a colloidal solution whenever 
we have sufficiently fine particles and keep them fine. 
If several of the fine particles agglomerate or coalesce 
to form a large particle, the Brownian movements will 
be unable to keep this larger particle suspended and it 
will sink to the bottom or rise to the top as the case may 
be. 

There are two different ways in which we can keep 
fine particles from coalescing or agglomerating. One 
is to coat them with a suitable material film. You are 
perfectly familiar with this on a somewhat larger scale 
and under other conditions. You know that you can 
buy a pasteboard box containing several separate doses 
of a liquid medicine, castor oil for instance. The 
separate masses of liquid do not run together because 
each one is enclosed in a gelatine capsule. We can do 
the same thing with suspended particles. We can coat 
them with a film of gelatin or some other substance 
which will keep them from coalescing. In some extreme 
eases a film of adsorbed water or other liquid will 
prevent agglomeration. Water seems to do this for 
tannin. When pyroxylin is carried into apparent 
solution by acetone, the separate particles are kept 
from coalescing by a film of adsorbed acetone. 

We can also keep suspended particles from coalescing 
by charging them electrically all with the same sign, 
in which case they tend to repel each other. If we have 
suspended particles which adsorb hydrogen ions very 
_ strongly and chlorine ions very slightly, we can stabi- 
lize that colloidal solution by adding hydrochloric acid, 
in which case the particles will all be charged positively 
by the adsorbed hydrogen ions. If the particles adsorb 
hydroxyl ions very strongly and sodium ions only 
slightly, we can stabilize such a colloidal solution by 
adding alkali. If we add caustic soda to hydrous 
chromic oxide, the latter goes into apparent solution 
and we get an apparently clear, green solution of what 
used to be called sodium chromite. Nowadays we 
know that it is a colloidal solution of chromic oxide, the 
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oxide particles being charged negatively by adsorbed 
hydroxy] ions. Of course a colloidal solution which is 
stabilized by the adsorption of an ion, will be precipi- 
tated if we add an electrolyte which has a readily 
adsorbable ion of the opposite sign from that which 
stabilizes the solution. You are probably quite familiar 
with Acheson aquadag which stays up admirably in 
water but flocculates when salt is added. 

Precipitation occurs on a large scale when muddy 
rivers flow into the sea. When rain falls in a clay 
country, the run-off is muddy. The Mississippi river 
is very muddy at St. Louis; but there is a good deal of 
relatively coarse clay in it, most of which settles out 
gradually. At New Orleans the river normally has 
much less clay than at St. Louis; but the clay particles 
are very fine and show very little tendency to settle. 
They are charged negatively by adsorbed hydroxyl 
ions and that checks coalescence. When the river 
flows into the Gulf of Mexico, the concentration of 
sodium ions is so great in the salt water that it more 
than makes up for the relatively slight degree of 
adsorption of the sodium ions and the adsorption of 
these latter neutralizes the negative charge on the 
clay which therefore precipitates, forming a delta. Of 
course, there is some settling, due to the current be- 
coming zero; but the chief factor in the formation of 
deltas is the precipitation of the suspended clay by the 
salts in the sea water. 

At one time we used to distinguish between colloidal 
solutions stabilized primarily by adsorbed ionsand those 
which were not, calling the first suspension colloids and 
the second emulsion colloids, the particles in the first 
being solid and precipitated readily by electrolytes, 
while the particles in the second were liquid and were 
relatively insensitive to electrolytes. A classification 
of this sort is valuable in the early days; but it empha- 
sizes differences which are not real and consequently 
such terms as suspension and emulsion colloids are now 
practically obsolete. We can make oil suspensions 
which are quite as sensitive to electrolytes as colloidal 
gold. Colloidal sulphur, though charged negatively, 
withstands high concentration of hydrochloric acid. 
Gelatin solutions are not affected much by most salts; 
but recent work shows that the hydrogen ion concentra- 
tion isimportant. In other words, we get all gradations 
and there is nothing to be gained by making arbitrary 
distinctions. 

Gelatin is interesting because certain special things 
coagulate it and make it insoluble. Tannin is one and 
chromic salts are another, If we add tannin or a 
chromic salt to gelatin, we make it insoluble. This is 
utilized technically in making leather. Vegetable 
tanning consists in adding tannin to the hide substance, 
which is very similar to gelatin and becomes insoluble. 
In chrome tanning we make the hide substance in- 
soluble by the addition of chromic salts. This phe- 
nomenon is also made use of in certain photographic 
processes. Bichromate has no effect on gelatin; but 
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if a bichromated gelatin is exposed to light, there is a 
reduction to a chromic salt and the gelatin therefore 
becomes insoluble where the light has struck it. 

Having explained what we mean by colloidal solu- 
tions, I will take up a few cases of adsorption which 
may be of interest to you. A striking illustration is 
the gas mask in which the chief adsorbing agent is 
charcoal, which is very specific in its action, adsorbing 
certain substances much more strongly than others. 
If charcoal had adsorbed air in preference to poison gases 
it would have been useless as a protection against 
these latter. It was necessary that the charcoal should 
adsorb the toxic substances preferentially, that it 
should adsorb them very completely, and that it should 
adsorb them very rapidly. The requirements were 
very severe. The air may take only one-tenth of a 
second to pass through the canister and yet it may be 
necessary in that space of time to reduce the concentra- 
tion of the toxic gas from, say, 1000 parts per million 
to 1 part per million or less. The charcoal developed 
by the Chemical Warfare Service met that requirement 
with a safe margin. In fact, in laboratory experi- 
ments, it was shown that the charcoal will reduce the 
very high concentration of 7000 parts per million of 
chloropicrin, CC1; NO», in a rapidly moving current 
of air to less than 0.5 parts per million in something 
under 0.3 seconds. This was, of course, a special 
charcoal. On the first of July, 1917, the best charcoal 
that we had would not stop chloropicrin for one minute 
under the conditions of the standard test. The char- 
coal, made on a small scale later, stood up at least 1200 
minutes against chloropicrin under the same condition. 
This gives an idea of what was done in the way of im- 
provement, though the large-scale manufacture of 
charcoal did not give so effective a product. 

The early use of charcoal as an adsorbent was quite a 
different one and runs back to the end of the eighteenth 
century. Solutions of raw sugars are dark colored but 
ean be decolorized by treatment with charcoal. The 
charcoal takes out nearly all the coloring matter and 
only a little of the sugar and we therefore have a very 
effective purification. Here too the chemist has 


developed much better charcoals than were used origi- 


nally. It is worth noting, however, that the charcoals 
which are best in the gas mask are not the best for 
decolorizing sugar. The two sets of service conditions 
are quite different. Although contact catalysis in- 
volves adsorption, it does not follow that the charcoal, 
which is the best catalytic agent for making phosgene, 
COC1., from carbon monoxide and chlorine, is either 
the best charcoal for the gas mask or the best charcoal 
for decolorizing sugar. 

When decolorizing sugar, we are not interested in the 
fact that, theoretically, the coloring matter, which is 
removed from the sugar solution, changes the color of 
the charcoal. We have other cases of adsorption in 
which the important thing is the fixing of the coloring 
matter on the adsorbing agent. If we dip a piece of 


BANCROFT: COLLOID CHEMISTRY 


Transactions A. I. E. E 


cloth in a suitable colored solution, and perhaps heat 
the solution to boiling, the cloth will take some or all 
of the coloring matter out of the solution and will be 
dyed. We distinguish a number of different types of 
dyes such as basic, acid, substantive, mordant, vat, 
and sulphur dyes. Some of these are in true solution 
and some are in colloidal solution; but in all these cases 
we are dealing with an adsorption of the dye or of a 
reduction product of the dye either by the fiber itself 
or by the mordanted fiber, and the mordanting of a 
fiber is also a case of adsorption. 

When discussing charcoal, a reference was made to 
the catalytic manufacture of phosgene. It has long 
been known that porous materials accelerate certain 
reactions and that this effect is specific. This accelera- 
tion of reaction velocity by an undissolved substance 
which undergoes no marked change itself, is known as 
contact catalysis and is of the greatest value in technical 
processes. Theso-called contact sulphuric acid is made 
by passing a mixture of carefully purified sulphur 
dioxide and air over finely divided platinum at about 
450 deg. In the synthesis of ammonia from hydrogen 
and the nitrogen of the air, porous iron is the chief 
catalyst, though other substances, known as promoters, 
are added to increase the acticn of the iron. The 
oxidation of ammonia to nitric acid is done in the 
presence of platinum as catalytic agent, while nickel 
is used chiefly in the hydrogenation of oils. In making 
ethylene from alcohol as a preliminary stage in the 
manufacture of mustard gas, either alumina or kaolin 
is used as the catalytic agent. As yet, we do not know 
how the catalytic agent activates the reacting substance 
and we cannot predict at all what substances will make 
the best catalyzers in any given case. If we ever get a 
satisfactory theory of the subject, I think that catalytic 
methods of making all sorts of chemical compounds will 
drive out pretty nearly all the regular processes. The 
plants act in that way now, their catalytic agents being 
called enzymes. 

If we have electrified particles, as we do in some of 
our colloidal solutions, they will move under the in- 
fluence of a direct current. As electrical engineers you 
are familiar with the particular case of electrified solid 
or liquid particles in air, which is known as the Cottrell 
process for precipitating smokes. A_ high-voltage, 
direct current passes from a point to a plate, ionizing 
the air and charging the suspended particles, which are 
carried to the plate and can there be scraped off. I 
have seen the statement that, in the Washoe reduction 
works of the Anaconda Copper Company, the Cottrell 
process has been introduced on so large a scale that 
the point electrodes consist of one hundred and eleven 
miles of chains. The Cottrell process removes sus- 
pended solids or liquids; but, of course, will not remove 
a gas, such as sulphur dioxide for instance. 

In the case of a colloidal solution, the charged parti- 
cles will move with the current if they are charged 
positively, through having adsorbed a cation, and they 
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will move against the current if they are charged 
negatively, owing to adsorption of an anion or to having 
emitted a cation. This transference under electrical 
stress consists in a motion of the particles relatively to 
the water. If we should in any way hold the particles 
stationary and leave the water free to move, we should 
expect an electrical stress to cause the water to flow past 
the particles, the water going to the anode if the par- 
ticles are charged positively and to the cathode if the 
particles are charged negatively. This can be realized 
if we consolidate the particles into a porous diaphragm. 
Suppose we have a porous cup in a beaker with one 
electrode, the cathode, inside the cup and the other 
electrode, the anode, outside thecup. If the diaphragm 
is charged negatively, the liquid will flow through into 
the porous cup, eventually causing it to overflow. 
When the liquid passes through a diaphragm, the 
phenomenon is called electrical endosmose; when the 
suspended particles are carried through the liquid, 
the phenomenon is called cataphoresis. The word 
hylophoresis, or transport of matter, has been suggested 
as the general term covering both cases; but it has not 
yet been adopted. 

Cataphoresis is the thing that has made electrolytic 
lead refining commercially feasible. Glue, or some 
similar material, is added to the bath and is carried to 
the cathode, where it modifies the structure of the lead 
so that it comes down as a fine-grained deposit and not 
as feathery crystals. The use of so-called addition 
agents is quite common in electro-plating and many of 
these are colloidal. The commercial applications of 
electrical endosmose have not been very successful as 
yet. By placing peat between two electrodes and 
passing a high-voltage current, the peat acts as a 
diaphragm and the water is squeezed out electrically. 
The water content of the peat can be reduced from 
ninety to sixty-five per cent with a reasonable expendi- 
ture of power; but the cost of getting the water content 
down to twenty per cent has proved excessive. The 
method is said to have been used successfully in drying 
alizarine paste and things of that sort, where the value 
of the product justified a greater expenditure for drying. 

In addition to the adsorption of a gas or a liquid by a 
solid, we may also have the adsorption of a solid by 
solid. Several cases of this sort are of great interest to 
the electrical engineer. Theoretically, aluminum 
should be an utterly useless metal because it stands in 
the electrochemical series near the alkali metals and 
calcium, quite close to magnesium. We should expect 
it to corrode rapidly under almost any conditions; but 
that is not what happens. The reason that you can 
use aluminum for transmission lines, when the price 
of copper soars, is simply and solely because aluminum 
as a metal is a successful failure. Its natural duty in 
life is to corrode; but the oxide or hydroxide film which 
is formed is adsorbed so strongly by the metal that it 
protects the surface and thus stops further corrosion. 
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The only reason why an aluminum wire or sauce-pan 
does not corrode is because the air and liquids do not 
come in contact with the metal. If we amalgamate 
aluminum, the oxide coating does not adhere and the 
metal corrodes rapidly, giving us the so-called fibrous 
alumina. 

Nickel also becomes covered ordinarily with a 
strongly adsorbed film of oxide or hydroxide and con- 
sequently does not rust. In the case of iron the oxide 
film is usually not coherent and consequently the metal 
goes on rusting. It is possible, however, under special 
conditions, to give iron a coating of the magnetic oxide 
which protects the metal surprisingly well. 

We speak of noble metals as ones that do not corrode 
in the air; but it is an open question in my mind how 
many metals can qualify under this definition. We 
know that platinum black is always oxidized in contact 
with air, which makes it probable that sheet platinum 
has an oxide film on it. Under ordinary conditions 
most of our metals do rust or corrode; but a good many 
of them, fortunately for us, stop corroding because of 
the formation of a protecting film. Zinc corrodes 
superficially and we all know that a copper roof turns 
green and then undergoes very little further change. 
As I see it, the corrosion problem is to treat a metal so 
that it will corrode to a limited extent and then stop. 
In other words we must study the conditions which 
cause the formation of a protecting film. Calorized 
iron is one solution of the problem, phosphatized iron 
is another solution, and there are doubtless many more. 

A protecting film is not always a desirable thing. 
The difficulty in condensing zinc from zine vapor is due 
to the fact that any zine oxide which is formed is ad- 
sorbed strongly by the globules of liquid zinc as they 
form and we get blue powder instead of cast zine. 
It is very difficult to melt aluminum scrap because of 
the oxide film around each piece. You are familiar 
with the fact that when dirty mercury is shaken, it 
forms globules which do not coalesce because of films 
of oxide or grease around each drop. 

This brings us naturally to the question of emulsions, 
which are drops of one liquid suspended in another 
liquid. Since the two liquids in the ordinary emulsions 
are usually water and some form of oil, it has become 
customary to use the word oil for the non-aqueous 
liquid even though, as in the case of benzene, it is not 
strictly an oil. While we can make emulsions which 
are stabilized by an adsorbed ion, most actual emul- 
sions are stabilized by the use of an emulsifying agent 
which forms a film around the drops of the suspended 
liquid. To emulsify oil in water, we are apt to use a 
sodium soap in the laboratory, while the pharmacist 
uses gum acacia a great deal. We can emulsify water 
in oil by using calcium soaps as in the case of some 
lubricating greases or we can use rosin in the case of 
paints in linseed oil. Whether we get water emulsified 
in oil or oil emulsified in water depends on the nature 
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of the emulsifying agent and not on the relative masses 
of oil and water. Speaking broadly, an emulsifying 
agent, which goes more readily into water than into oil, 
will emulsify oil in water. The converse is also true. 
Emulsions are very important physiologically because 
Clowes has shown that protoplasm behaves in many 
respects like oil and water emulsified by a mixture of 
calcium and sodium soaps, the lipoid material being 
considered as oil. 

If we replace the oil in an emulsion by air or a gas, we 
havea foam. You have probably seen advertisements 
of Foamite as a means of putting out fire. This con- 
sists of solutions of aluminum sulphate and sodium 
bicarbonate to which has been added some organic 
material such as licorice. When the two solutions are 
mixed, the chemical reactions may be written, 
Al1.(SO4); + 3NaHCO, = A1,0; + 3Na.SO, + 6CO, 
+ 3H.0. 

The alumina and licorice form a film round the bubbles 
of carbon dioxide giving a very stable foam. 

A more important application of foam is the ore 
flotation process. If we shake up water to which a 
little oil has been added, we get a bubble of air sur- 
rounded by an oil film. This bubble is fragile and 
breaks on reaching the surface. If we have present a 
sulphide ore with a siliceous gangue, the siliceous 
gangue is wetted preferentially by water and the sul- 
phide particles by the oil. The patent of the Minerals 
Separation Company calls for the use of a fraction of 
one per cent of oil per ton of ore. An ore pulp usually 
runs about one ton of ore to four or five tons of water. 
When air is beaten into this mass, the particles of the 
sulphide ore go into the oil-water interface or into the 
oil itself, stabilizing the film because. we then have 
practically armor-plated bubbles. The resulting froth 
can be scraped or shovelled off. Since most of the 
sulphide ore rises with the froth and since most of the 
siliceous gangue stays in the water, a very effective 
separation occurs. In most cases acidification of the 
solution and rise of temperature increase the effective- 
ness of the separation. 

If the amount of air is insufficient, the oil may cause 
the ore particles to agglomerate and sink. This was 
patented by Cattermole; but it is not technically so 
successful as the frothing process. If the amount of 
air is excessive relatively to the ore, the number of 
bubbles will be so great that the ore particles cannot 
coat them sufficiently to armor-plate them and a 
fragile froth will be formed. This principle is made 
use of in the Callow process, in which air is introduced 
in fine bubbles at the bottom of the cell. These bubbles 
break as soon as they reach the surface and consequently 
the ore particles must be removed before they settle 
back. We can thus have clotted particles, armor- 
plated bubbles, or fragile bubbles, according to the 
conditions. : 

Coming back for a moment to emulsions, there is a 
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wonderful chance for somebody to discuss whether the 
most important natural emulsion is milk or the rubber 
latex. Milk is necessary to life in the early stages; but 
pneumatic tires play a very important part later in 
life. Milk is an emulsion of liquefied butter fat in 
As obtained 
from the cow, milk is not very satisfactory when con- 
sidered solely as an emulsion, because a more concen- 
trated emulsion known as cream rises fairly quickly. 
If milk is passed through a homogenizer, the fat - 
globules are broken up into smaller, more nearly uni- 
form drops and we get an emulsion which remains 
unchanged when passed through an ordinary separator. 
If the cow had been more efficient mechanically, it is 
probable that skimmed milk would never have been 
discovered. When the milk emulsion is broken up by 
churning, the liquefied butter fat hardens into butter. 
The rubber latex is the milky juice from various kinds 
of rubber plants, chiefly trees and vines. It is an 
emulsion of liquid rubber in water which contains other 
things. The rubber emulsion can be broken down in 
a great many ways. On the plantations it is usually 
done by adding acetic acid. The liquefied rubber 
hardens just as did the liquefied butter fat and the 
product is raw rubber. One reason that we do not let 
milk sour in order to get butter is that the caseine comes 
down too. I do not know whether acid breaks the 
butter emulsion’: and whether one can get butter by 
adding vinegar to cream. 

Raw rubber is not a satisfactory product in itself 
because it is too brittle when cold and too sticky when 
It has to be vulcanized, which usually means 


warm. 
heating with sulphur. Vulcanization is a problem of 
adsorption. There is only one compound of sulphur 


with rubber. It contains thirty-two per cent of 
sulphur, has the formula Ci) Hig S:, and is known as 
hard rubber or ebonite. Ordinary vulcanized rubber 
contains perhaps four per cent of combined sulphur and 
must therefore consist chiefly of raw rubber with hard 
rubber adsorbed on the surface of the raw rubber. 
Most rubber chemists dispute this conclusion because 
it is not possible to dissolve raw rubber out of vulcanized 
rubber with the solvents which will carry pure raw 
rubber into colloidal solution. This is not a serious 
objection however because we have already seen that 
a film of aluminum oxide keeps aluminum from being 
acted on by things which corrode pure aluminum. 

Electrical engineers are interested of course in insu- 
lation problems. In addition to rubber we have three 
other well-known substances which are valuable, each 
in its own way: porcelain, artificial silk, and bakelite. 
The manufacture of all these involves colloid chemistry; — 
but a discussion of these substances would take me far 
beyond any reasonable time limit. I hope, however, 
that I have succeeded in showing you that colloid 
chemistry is a subject which is of real interest to the 
electrical engineer. 
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Review of the Subject.—The rating given to a motor 
ts the manufacturer’s guarantee of the motor performance under the 
conditions given on the name plate. 

Assuming that this rating is entirely safe, then the successful 
functioning of the motor depends entirely wpon the application 
engineer's analysis of the particular duty that the motor will be 
required to perform. 

Where the required motor output is practically constant the 
application is simple; however, in many cases the motor load is 
apt to be anything but constant, consisting of loads of all degrees 
of magnitude, and in such cases the economically correct application 
ts especially difficult. The past improvements made in the motor 
design, mechanically and electrically, have resulted in greater import- 
ance of the motor-operating temperatures, in fact in the great 
majority of cases the motor rating is limited only by the motor 
temperature. It is obvious then that correct motor applications 
depend to a very great extent wpon correct operating temperatures. 

Ratings such as the continuous, short-time, normal, and duty- 
cycle ratings give the performance of the motors under some par- 
ticular conditions; however, the duty required of a great number 
of industrial and railway motors will not agree with any of the 
above ratings. Thus the application of motors to cranes, hoists, 
steel mills, and railways must be made with the knowledge of the 
motor’s performance under one or more arbitrary conditions. 

In general the two ratings which should be known for motor 
application to such irregular duty are the continuous and a short- 
time rating. The time period of the short-time rating should 
not exceed one hour and in many cases a one-half hour run is 
preferable. 

The correct application of a motor requires a knowledge of the 
thermal conditions inside of the motor. Thus it is evident that 
the motor must be able to dissipate eventually all of the heat losses 
generated. On a continuous load the final rate at which the heat 
is transferred from the motor to the air will be equal to the rate of 
heat generation. 

The resulting temperature rise can be estimated with the physical 
conditions known. This is simply a problem in physics and 
involves the conditions of ventilation with the corresponding ven- 
tilating surfaces. To predetermine the internal temperatures 
requires a knowledge of the rate of heat flow along the various heat 
flow paths to the ventilating surfaces. 


HE adoption of standard motor ratings for various 
T types of service has greatly facilitated the correct 

application of the motors. However, the motor’s 
performance can be relied upon only in those applica- 
tions where the duty required of the motor is equivalent 
to that specified by the motor’s rating. This introduces 
a factor of uncertainty in the application of the motor 
to such irregular and intermittent service as is required 
of crane, hoist, steel mill, and railway motors. 

The selection of a proper motor for a particular 
railway service is without doubt one of the most difficult 
problems in motor application. For instance the street 
car motor is subject to daily rush hour loads; to pos- 
sible heavy peak loads due to a steep track grade; 
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Under irregular loads the temperatures are transient and are 
determined not only by the conditions of ventilation and rates of 
heat flow, but also by the motor’s ability to store heat, which is 
proportional to the product of the motor’s mass and specific heat. 
Hence the temperature rise of any part of a motor under any given 
load for some definite time is a function of the rate of heat flou 
from that part to the surrounding air and its thermal capacity. 
Thus from the known physical conditions the temperature rise of 
the motor can be predetermined and with certain assumptions a 
simple equation can be developed which will give an approximate 
value of the motor temperature under any given load conditions. 

When the constants of the theoretical equations are based wpon 
tests (such as given by short-time and continuous rating) the above 
method of temperature predetermination will be sufficiently accurate 
for most practical purposes, and will make possible the calculation 
of the motor temperature rise under any duty cycle. 

The temperatures referred to are not only those temperatures 
obtained by thermometers wpon the surfaces of the machines, but 
also the maximum internal temperatures, since it is the latter 
temperatures which first produce insulation failure. 

The temperatures obtained by thermometers bear no fixed rela- 
tion to the maximum temperatures for all types of machines under 
various loads. 

In order to have something concrete to work upon the writer has 
taken up the heating and cooling characteristics of railway motors 
A brief analysis of the heating at the standard ratings is given. 
The fundamental equations defining the temperature rise of a 
motor on a continuous or short-time load are developed, and finally 
the applications of these equations are made in several specific 
examples. 
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and in addition to thisit is called upon to deliver 
abnormal overloads resulting from conditions such as 
holiday crowds, trailer operation, snow or the necessity 
of pulling in a disabled car, and these conditions are 
apt to be accompanied by a low line voltage. 

Railway motor failures may be classed as mechanical 
and. electrical. A large part of the electrical failures 
is due either to poor commutation and flashing or to 
excessive temperatures. In the modern commutating- 
pole motor mechanical failures and those electrical 
ones which are caused by poor commutation have been 
greatly reduced; however, the possibility of break- 
down due to high operating temperatures is still 
present. The modern high-speed, ventilated, com- 
mutating-pole motor will deliver a much greater output 
per pound of motor than the early types of railway 
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motors. This means of course that the motor’s 
capacity for the storage of heat on short-time over- 
loads has been reduced and has resulted in making the 
peak load temperatures the predominating factor in 
some railway motor applications. 

The purpose of this paper is primarily to discuss 
the heating of railway motors on the standard test 
floor runs and to develop a general method by which 
the heating can be predetermined for any given 
service. However, the analysis of the heating prob- 
lem as given is general, and is applicable to the tem- 
perature predetermination of any rotating electric 
machine. 

STANDARD MoToR RATINGS 


The adoption of a simple test or combination of 
tests which would be a criterion of a motor’s perfor- 
mance in any railway service has been recognized as 
impractical. With such intermittent loads the best 
general method of rating should be based upon the 
motor’s overload or thermal capacity and upon its 
continuous rating. Thus the Standards of the Ameri- 
can Institute of Electrical Engineers say that the 
nominal rating of a railway motor is that output which 
the motor will develop for one hour with a temperature 
rise by thermometer at the end of the run of not over 
90 deg. cent. on the commutator, and 75 deg.. cent. 
at any other normally accessible part. With this 
short-time run a majority of the heat losses is stored 
up in the motor so that this rating is to a certain degree 
a measure of the thermal capacity of the machine 
as a unit. : 

The continuous rating is defined as the input in 
amperes at which it may be operated continuously at 
14, 34 and full voltage respectively without exceeding 
a temperature rise of 65 deg. cent. by thermometer 
(85 deg. cent. by resistance) for Class A! insulation 
and 80 deg. cent. by thermometer (105 deg. cent. by 
resistance) for Class B? insulation. 

Thus the continuous rating is a measure of the motor’s 
ability to dissipate heat. 


DISTRIBUTION AND DISPOSAL OF HEAT LOSSES 


With regard to ventilation there are three general 
classes of railway motors, namely, totally enclosed, 
self-ventilated and separately ventilated motors. The 
Institute Standards define a “totally enclosed” motor as 
one so enclosed as to prevent circulation of air between 
the inside and the outside of the case, but not suffi- 
ciently to be termed “air-tight.” A “‘self-ventilated”’ 
machine is one in which the ventilating air is circu 
lated through the machine by a fan, blower or centri- 
fugal device integral with the machine. A “separately 
ventilated’ machine has its ventilating air supplied 
by an independent fan or blower external to the machine. 


1. Class A insulation is composed of specially treated cotton, 
silk, paper or similar materials. 

2. Class B insulation is composed of material capable of 
resisting high temperatures such as mica and asbestos. 
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NOMINAL ONE-HouR RATING 


Table I gives the distribution of losses on four 
typical types of motors at the one-hour and the con- 
tinuous rating. This nominal rating is purely an 
arbitrary one. As previously mentioned the rating 


TABLE I. 
DISTRIBUTION AND DISPOSAL OF LOSSES IN RAILWAY 
MOTORS ; 
Separate 
Enclosed Self Ventilated Vent* 


Type of Ventilation 


1 hr. |Cont } 1 hr. }Cont | 1 hr. |Cont }1 hr. |Cont 


Woltsieaemccn & 600} 450] 600] 450) 600|) 450] 600] 450 
Ne en Ss iy ots 60). %; 65. fats Pas} | ie m 
Amperes...... 88 36 95 60 ii 35] 280) 220 
Rev. per min,.| 700} 827] 700| 638]1225} 950] 670) 550 
Weight of bare motor. .| 2350 2350 870 
Weight armature...... 615 615 225 
Armature watts loss: 
Armature copper....... 1800} 301]2100| 840} 820; 733] 3980) 2450 
Armature iron and stray 
powern acs aeee a 1170} 560]1170} 620] 780] 500] 3250) 2500 
One-half friction and 
WINGS eo ies ye so reveus 300| 400] 325] 280} 220] 155] 900) 700 
Brush LOSS (2, s-caics aye 264] 108] 285] 180] 111] 105] 840) 660 
Total armature loss....| 3534 | 1369 | 3880 | 1920 | 1931 | 1493] 8970) 5310 
Field copper loss....... 1825| 306]2360| 950] 650] 580] 4690) 2900 
One-half friction and 
WINdAZE. . a6 sis 300| 400] 325) 280] 220; 155] 900; 700 
Total motor loss....... 5659 | 2075 | 6565 | 3150 | 2801 | 2228 [14560] 8910 
Per cent copper loss. ...} 64.0 | 29.2] 67.9] 56.8| 52.5] 59.0 60.0. 
Armature loss per cent 
OF CObAL Soe tecarm cos) aake 62.3 | 66.0] 59.1 | 61.0 | 69.0 | 67.0 59.5 
Watts loss/Ib. of motor.| 2.41} 0.88] 2.79] 1.34) 3.22] 2.56 pe al 
Armature loss/lb. of 7 
armature... ...0es 5.75 | 2.22]6.31]3.12| 8.68] 6.65 3.13 
Armature copper loss/ 
Ib. copper........... 26.5/4.4 |30.9| 12.3 | 36.4] 32.6 9.1 
Field copper  loss/Ib. 
COPEL Ss Ff. Seer =o ee TLIO [PSL Eh SSeS Aa ese 5.4 
Disposal of losses: 
Per cent absorbed...... 81.4 0; 81.9 0| 57.5 0 0 
Per cent dissipated from 
FPaMOK Aoi ces eases 10.8| 100]4.6 | 62.0| 12.5] 45.0 4.9) 14.3 
Per cent carried away 
by the ventilation air 
through motor....... van:) 0113.5] 38.0] 30.01 55.0] 26.1] 85.7 


*Separate ventilation on the continuous rating only. 


is intended to be a standard of measurement of a motor’s 
thermal capacity. The requirement for this is that 
no heat loss shall be dissipated from the motor, that is 
all of the losses must be stored in the motor masses. 
This condition is approximated in totally enclosed 
machines where the heat losses from the external 
frame by radiation and: convection rarely exceed 10 
per cent of the total loss. 

In the early non-commutating-pole motors it was 
necessary to observe carefully commutation during 
this one-hour run and this necessitated theremoval of the 
commutator cover. This practise is still used in 
the modern motors. In fact Rule No. 5202 of the 
Standards of the A. I. E. E. says that the covers should 
be arranged to secure maximum ventilation without 
external blower. 

Some of the self-ventilated motors will circulate 
as much as 50 per cent more air with all covers off than 
with covers on as in service. This has resulted, as 


Feb. 1922 


shown later, in the nominal rating being dependent 
upon ventilation as well as the thermal capacity of 
the motor. The table shows that of the total losses, 
from 59.1 to 69.0 per cent is found in the armature. 
Since the armature weight is only about one-third of 
the total motor, its thermal capacity (ability to store 
heat) on short-time loads will be less than that of the 
motor as a unit. It results in an armature loss per 
pound of armature of 5.28 to 8.58 watts. The arma- 
ture copper loss per pound of copper ranges from 14.7 
to 36.4 watts. A loss of 4.5 watts per pound of arma- 
ture will raise its temperature 75 deg. cent. in one hour 
if all the loss is stored in the iron and copper. Hence 
in the 25-h. p. high-speed motor at least (8.58 — 4.5) / 
8.58 or 48 per cent of the total armature loss must be 
transferred elsewhere; with the larger motors this 
percentage is considerably reduced. A loss of 3.75 
watts per pound of copper if all stored in the metal 
will raise its temperature 75 deg. cent. in one hour. 
This means that toward the end of the one-hour run 
with this motor by far the greater part of the heat loss 
generated in the armature copper must be transferred 
to the iron or air and but little of that loss is stored. 
On the one-hour run the motor losses are stored up 
in the iron and copper, carried away by the ventilating 
air through the motor and dissipated from the external 
frame by radiation and convection. Table I shows that 
of the total loss about 81 per cent is stored in the motor 
parts for the first two motors while for the last two 
more highly ventilated motors this percentage is 57.5 
and 69. This shows that the one-hour rating is not a 
true indication of the motor’s thermal capacity, since 
the percentage of the heat loss stored in the motor 
during this run is a function of the motor’s ventilation. 


CONTINUOUS RATING 


On continuous duty all of the heat losses in the 
motor must be transferred to the surrounding air, 
that is, this rating is not affected by the heat storage 
capacity of the motor. In a totally enclosed motor 
the total losses are transferred to the frame and are 
then liberated by radiation and convection. The 
frame temperature rise is approximately proportional 
to the watts per square inch to be liberated. The 
heat dissipated from the frame is about 0.013 watt 
per square inch of surface per deg. cent. rise. This is 
an average value from many tests. The surface is 
taken as that of a solid cylinder whose over-all dimen- 
sions are equal to those of the motor. The actual 
effective surface is greater than this due to the rough- 
ness of the castings and the numerous irregular pro- 
jections. This accounts for the high value of this 
constant since the heat loss from a smooth surface due 
to natural convection and radiation is only about one- 
half of the above value. With a car speed of 10 mi. per 
hr. the above constant is approximately doubled. The 
internal temperature drop from the armature to the 
frame is a function of the ventilating surface and the 
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internal ventilation. It is evident that the external 
ventilation on the frame can not affect this internal 
drop. The external frame rise on continuous duty 
averages about 60 per cent of the internal temperature 
rise when measured on the test floor by thermometers. 
The rating on an enclosed motor is limited by this low 
heat flow from the frame and by the temperature 
gradient necessary to cause the armature loss to be 
transmitted to the internal air and then from this 
air to the inner frame surface. For. continuous- 
rated enclosed motors the weight per h. p. increases 
with the motor size. This may be seen for example 
by the fact that by doubling the motor’s dimensions 
the external ventilating surface is increased to four 
times its first value while the weight is increased to 
eight times the original weight. 


VENTILATED MOTORS 


When air is circulated through a motor by either 
an internal or external fan the effect is two-fold. It 
reduces the internal air temperature and for a given 
loss it decreases the temperature gradient between 
the ventilating surface and the internal air. It is 
possible to reduce this temperature drop to a very 
small value with separate ventilation; however, the 
internal insulation drop is still present. This tempera- 
ture difference between the copper and the ventilating 
surface is the limitation to the degree of ventilation 
economically possible. Thus Table I shows that the 
small 25-h. p. self-ventilated motor on the continu- 
ous run can dissipate 2.56 watts per pound of motor 
while the heavy locomotive motor (insulated for 
1500 volts) with separate ventilation can get rid of 
only 1.71 watts on the basis of the same copper tem- 
perature rise. This is due to the large internal tem- 
perature drop in the windings and insulation of the 
larger motor which is independent of ventilation. 
The first two motors listed in the table give a compari- 
son of continuous rating possible on a totally enclosed 
and a self-ventilated motor of the same weight. It 
shows that for the same internal temperature rise the 
enclosed motor can dissipate a loss of 2075 watts 
while the self-ventilated motor can dissipate 3150 watts. 
This difference will increase with the speed of the 
armature. 


. APPLICATION OF MOTOR 

The usual method of applying a railway motor to 
any given service is to estimate the average root-mean- 
square.current from the conditions known. The motor 
must have a continuous rating at least equal to this 
r.m.s. current. With this rating known the average 
operating temperature rise can be estimated from the 
above current. Due to the irregularity of the load it 
is necessary to see if the motor has sufficient overload 
or thermal capacity to take the peak loads without 
excessive temperature rise. This predetermination of 
temperature rise on intermittent duty is a very difficult 
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problem, for which a rigid mathematical solution is 
practically impossible. However, a comparatively 
simple approximate solution is possible. 


SOLUTION OF PROBLEM? 


The following solution of this problem has been made 
on the assumption that the heat losses and ventilation 
in the motor or any part thereof considered are uni- 
form'y distributed. This s not strictly correct; 
practically however it is permiss’ble since the heat losses 
will to a certain degree distribute themse ves by con- 
duction through the iron and copper. 

(5) Total energy loss = stored energy + dissipated 
energy. 

The solution of this equation is given in the appendix. 
The final equations are: 


he = s 
(ees ty log io FoF (10) 
or an equivalent form: 
T = T2 Fe — T er (11) 


where (e) is the Naperian base (2.718) 
t = Time in hours the load is applied. 
T, = Temperature rise at start, deg. cent. 
T, = Temperature rise at end of time (t). 


4‘T, = Final temperature rise on continuous duty, 
and 
W 
Af = 
; V S;K; 
8 
W = Watts loss of motor or part considered. 
S, = External surface of motor frame in sq. in. 


This may be figured by considering the 
motor as a solid cylinder. 

K, = Heat dissipation from the external surface 
in watts/sq. in/deg. cent = 0.013 approxi- 
mately when frame is stationary. 

r = Ratio of external frame rise to the internal 

surface rise. This ratio is a function of 
the degree of ventilation of the motor. 
On enclosed motors it averages about 
0.60; on self-ventilated motors 0.40; and 
with separately ventilated motors 0.20 
to 0.30. 

V = Volume of air passing through the motor in 
cu. ft./min. 

S; = Internal ventilating surfaces of the motor 
which come in contact with the ventilating 
air, sq. in. 

K; = Heat transfer from the ventilating ares 
to the air in watts/sq. in. of surface/ 
deg. cent. difference between the surface 
and adjacentair. Thisis determined by the 


3. The method of solving this problem was first suggested 
to the writer by Mr. C. E. Wilson. 

4. These temperatures are the average surface temperatures 
as obtained on the iron core. 
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air velocity, direction of air flow with respect to the sur- 
face, and the nature of the surface. Fig. 1 shows the 
curve of an average value for this constant which 
was obtained from many tests made upon actual 
machines and experimental apparatus. 
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Fic. 1—Surrace Herat Dissipation 


In watts per sq. in. of surface per deg. cent. difference between surface 
and air temperature. 


It is incorrect to use the above equation (8) for self- - 
ventilated motors where the air volumes V are rela- 
tively small. Under these conditions the heat transfer 
constant K,; is determined more by the peripheral speed 
of the armature than by the actual air velocity through 
the motor. Where separate ventilation is used the 
heat dissipation is practically independent of the 
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Fig. 2—Herat Loss 


In watts per deg. cent. rise dissipated at various speeds at the continu- 
ous ratings for the motor and motor armature. 


armature speed; 
applicable. 

For self-ventilated motors the value of the continuous 
temperature rise 7’, should be based upon test results. 


in this case the above equation is 
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This value is usually known for two or more speeds, that 
is the rating at 300 and 450 volts. If the watts loss 
per degrees centigrade rise (W/T.) is plotted against 
the armature rev. per min. the points fall approxi- 
mately on a straight line as shown in Fig. 2. The 
value of this constant for zero speed is approximately 
equal to 0.006 times the external surface of the motor. 
When the armature only is considered the value of 
W/T. becomes approximately equal to 0.003 times the 
external motor surface for standstill conditions. Hence 
with one other test point the line is determined. 
In equation (9) 


pe iS) spe MUA E T. 


t; = The thermal time constant of the motor and is 
the time in hours necessary to raise the tem- 
perature of the motor 7, deg. cent. with the 
loss W and no ventilation, that is with all of the 
energy absorbed in the motor. 

P, = Weight in pounds of the motor parts which have 
losses generated in them. 

P; = Weight in pounds of the motor parts which have 
no losses generated in them, such as the frame 
and end housings. 

This constant ¢t, can also be determined from tests. 
It is necessary to have a continuous and a short-time 
temperature test. Substitution in equations (10) or 
(11) will give the value of £;. 

Part I of the Appendix is a general solution and can 
be applied to the motor as a-unit or to any part thereof. 
It may be advisable in some cases to consider the 
armature alone and in other cases to consider the 
fields. ‘The temperature rises referred to here are the 
surface temperatures as measured by thermometers. 

Part II gives the method to be used in order to 
obtain the actual internal copper temperature of the 
fields or armature windings. 


METHOD OF APPLICATION 

An example will probably clarify the above method 
for determining the temperature rise of a motor. For 
instance, calculate the heating curve of a particular 
75 h. p. low-speed motor, separately ventilated with 
800 cu. ft. of air per minute; the load to be 90 amperes 
at 600 volts. First find the final surface temperature 
rise 7’, with the loss W, equation (8): 


Ww 
VS;K; 
V+ .9S;,K; 


T= 
S.rK.+ 


Where: 
W = 6610 watts (total motor loss) 
S. = 4740 sq. in. (external frame surface) 
r = 0.380 (ratio of frame rise to the internal surface 
rise) 
K, = 0.018 heat dissipation from frame in watts/sq. 
in./ deg. cent. 
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V_ = 800 cu. ft./min. (air volume) 

S; = 5460 sq. in. (internal ventilating surface) 

» = 2070 ft./min. (average air velocity through 

motor ducts) 

K; = 0.088 (heat dissipation constant, see Fig: 1). 
Substituting these constants in the above equation the 
final rise 7’, = 35.5 deg. cent. 

The thermal time constant (see Equation 9) is 


206 (Pate t dele g 
WwW 


where the weight of active material (P,) = 1780 lb. and 
the weight of inactive material (P;) = 1850 lb. With 
r, T. and W as given above ¢t; = 0.774. Hence with 
the initial temperature rise (7) known the rise at the 
end of any time (¢) can be found from equation (10), 
where 


t= 
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Forced ventilation. 
Load, 90 amperes, 600 volts. 
Curves as calculated. 


Ds Bak x 
§ = 2.3 tplogis ig 
These values are plotted in Fig. 3. The results 
found in actual tests are also given. 

The temperature rise of the armature and field copper 
can also be found by using the method as given in Part 
II. The final rise of the commutating-pole copper (see 
equation 12) is the surface rise, calculated above, plus 
the insulation drop. Thus 


Wh 
S, Ky 


where the loss W = 1010 watts; insulation thickness ~ 
(h) = 0.15in.; the cross-section of the insulation for 
heat flow S, = 1180 sq. in. and the thermal conductivity 
coefficient K, = 0.0025. Hence the continuous field 
copper rise 7, = (85.5 + 51.5) = 87 deg. cent. 

The surface temperature rise of the coil as given 
in Fig. 3 is seen to rise abruptly after shut-down when 
the ventilation is reduced. It is due to the decreased 


T, = 35.5 + 
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heat flow from the surface which results in a decrease 
in the temperature difference between the copper and 
the surface, in other words, the surface temperature 
must rise. The maximum point reached after shut- 
down will be somewhere between the copper tempera- 
ture and the running surface temperature. The exact 
value of this will depend upon the thickness of insula- 
tion, the relative thermal capacity of the copper and 
the insulation; and the ratio of the ventilation when 
running and at shut-down. It is thus seen that this 
temperature rise of the surface at shut-down is a transi- 
ent phenomenon and the temperature found by 
thermometer bears no fixed relation to the actual copper 
temperature for all conditions. 

The final rise of the armature copper T. above the 
iron (see equation 12) 


Wh 
S,K, 


where the loss W = 1500 watts; the insulation thick- 
ness h = 0.10; surface S, = 2280sq.in. and the 
coefficient of thermal conductivity K, = 0.0025. This 
gives the copper rise above the iron of 26.3 deg. cent 
or a final copper rise of (26.3 + 35.5) 61.8 deg. cent. 
The heating curve of the armature copper rise above 
the iron can be calculated from equation (10). Where 
(see equation 13) 


0.05 PT; 
en 


T. and W are given above; the equivalent weight of 

copper P = 264lb. So that ¢; = 0.231. The tem- 

perature rise of the armature copper above the iron 

is shown in Fig. 3 plotted in dotted lines. The addi- 

tion of this to the average surface rise of the motor 

will give the heating curve of the-armature copper. 
The air rise 


hn 


g (W-S.rK.T.) 
V 


W being the total motor loss; the factor (S,r K, 7.) 
being the loss dissipated from the frame. Substitution 
of these constants in the equation gives an air rise of 
13.4 deg. cent. Test value was 13 deg. cent. 

The following example will show how the temperature 
rise of a self-ventilated street car motor is calculated for 
a given cycle run. 
ampere, d-c. motor to operate on the following cycle: 

(1) A r.m.s. current of 27 amperes for three 

hours, schedule speed of 10 mi. per hr. with 
26-in. diameter wheels and a gear ratio of 


d ier! 


13/74. 

2) 32 amperes for one hour; schedule speed of 
8 mi. per hr. 

(3) 27 amperes for two hours, schedule speed of 
10 mi. per hr. 


(4) 50 amperes for 30 minutes with a schedule 


speed of 6 mi. per hr. 
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What will the operating temperatures of the arma- 
ture iron and copper be under the above cycle? 

In this case only the armature is considered. The 
loss is composed of the copper, iron and stray power, 
brush and one-half of the friction and windage loss. 
The following tabulation gives the value of the con- 
stants and final equation for obtaining the heating 
curves of the armature iron or core: 


Portion of Cycle........... 1 2 3 4 
AMDOROS <5 ceaete c/a eee 27 32 27 50 
Revi, Der anith ante eee 735 588 735 441 
Total armature loss (W)... 937 1056 937 2105 
Watts/deg. cent. of iron (see 

Pig. 2) Wfile. teh 21.6 1S af. 2170 15.6 
Continuous Gore rise (7',)... 43.3 5615" 143.3 135.4 
Weight of armature (P).... 200 1b. 28 <5 
Thermal time constant: 

tip==HOHOG ERE Oh acer 0.556 0.642 0.556 0.770 


120 


100 


ao 
oO 


iW 
7) 
iva 
= 
3 60 
Ss) 
[o] 
lu 
a 
40 
pe des eo omenel Sey [be ee: S688 
735 Rev. per Min. fi 
20 = + 


Deg. Cent. Rise of Armature 


4 
HOURS 


Fig. 4—Herating Curve or ARMATURE IRON AND COPPER 
25-h. p. 600-volt d-c. railway motor. : 


With the above constants the heating curve can be 
plotted from equation (10) where 


Lip ir ae 
t 2.3 ty logio T_T, 
This curve is shown in Fig. 4 in solid lines. 

The following tabulation will give the constants ° 
for obtaining the hot-spot correction, that is the maxi- 
mum internal copper temperature rise above that 
measured by thermometers on the iron core. 


Portion- of cycle....... 1 wo eA 
PM POres ina setae a2 Be 27 32. 27 650 
Imbedded cop. loss (W).. 241 338 241 900 


Constant copper rise above iron (see equation 12): 


/ haptls las de- 
Siti 
Equivalent copper weight (P) = 45 lb. 
Thermal time constant: 


10.8deg.cent. 15.1 10.8 40.3 
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Out, fi 
Ww 
With the above constants the heating curve giving the 


copper temperature rise above the iron can be found 
by using equation (10) where 


byes (see equation 13) = 0.101 


pa red 
T.— TT, 


This curve is shown in dotted lines (Fig. 4). The 
addition of this curve to the heating curve obtained for 
the rise of the armature core will give the heating curve 
for the armature copper. 

Both Figs. 3 and 4 illustrate the fact that the 
armature copper on the average ventilated motor has 
comparatively little thermal capacity. It is seen that 
on loads of thirty minutes or more practically all of 
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Fig. 5—HEATING AND CooLING CURVES 


75-h. p. 600-volt d-c. railway motor. 
Separately ventilated. 


the copper loss is being transferred through the insula- 
tion. The thermometer measurements will not give 
this internal temperature, hence it is possible to find 
a safe temperature rise on a motor by thermometer with 
a certain load although the motor may be dangerously 
hot in the inaccessible parts. 

There is no doubt but that from the standpoint of 
weight and cost the modern ventilated railway motor 
has an inherent advantage over the totally enclosed 
motor. It has been shown that since the ventilated 
motor can get rid of more heat losses than the same 
motor enclosed it is possible to rate the motor higher. 
. This increases the continuous rating without materially 
increasing the one-hour or overload rating. The effect 
of ventilation is to decrease the surface temperature 
and to increase the gradient between the copper and 
the surface temperature. When a ventilated motor is 
applied to an intermittent cycle such as found in 
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railway service, full advantage of the continuous rating 
cannot be taken since a margin in temperature is 
necessary in order to carry the heavy peak loads. 

With the heavy enclosed motors the ratio of the 
hour to the continuous rating is high so that the applica- 
tion of such a motor on the basis of the average r. m. s. 
current is generally safe. The inherent therma! 
capacity of the motor will usually take care of the 
peak loads. 

On the other hand the tendency of increasing the 
ventilation is to bring the continuous and the hour 
rating together. Hence the economical application 
of the modern high-speed ventilated motors must be 
made with more'care, and the motors’ performance from 
a thermal standpoint on such applications should be 
known. 

The method of predetermining the temperatures of 
such motors on intermittent service as previously 
outlined based on actual tests at the continuous rating 
will give results safer and more accurate than the 
approximate method given in the Standards of the 
A. I. E. E. under Rule No. 5502. 

For standard motors, heating and cooling curves 
such as shown in Fig. 5 can be calculated which will 
facilitate the proper application of these motors. The 
solid lines are the heating curves at various loads, 
while the dash lines are the cooling curves either with 
no-load or with definite loads. The time origin can 
be shifted to suit the initial temperature conditions. 


CONCLUSIONS 


(1) The temperature limitation is the predomina- 
ting factor in railway motor application. This limita- 
tion is found in the maximum “hot-spot” temperature 
at the peak loads. 

(2) The armature copper has relatively little 
thermal capacity which may result in high internal 
temperature gradients on short-time loads. 

(83) The ratio of the one-hour to the continuous 
rating approaches unity as the ventilation of the motor 
is Increased. 

(4) The application of the ventilated motor on 
the basis of the average r.m.s. current to an inter- 
mittent duty is incorrect if the maximum internal 
temperature at the peak load is ignored. 

(5) It is the maximum internal temperature which 
first starts insulation failure. Hence motor ratings 
should be based upon this temperature and not upon 
the surface temperature as measured by thermometer. 

(6) There is no fixed relation connecting the internal 
maximum and the surface temperature as found by 
thermometers. This relation is affected by insulation 
thickness, degree of ventilation, duration and magnitude 
of load, together with size and accessibility of the motor 
windings. shike 

(7) Thermocouple measurements provide the best 
means for obtaining these maximum temperatures. 
These temperatures can be approximated from the 


172 


maximum hot resistance of the windings. However, 
the obtaining of these hot resistances requires very 
quick and accurate work. Either of the above methods 
requires special apparatus and the services of expert 
observers in service tests. 

It is obvious that the temperatures of a motor in 
service as obtained by thermometers may be so far 
from the maximum internal temperatures as to give 
misleading results. 

Thermal characteristics of the motor, such as re- 
lation of thermometer to the thermocouple tempera- 
tures, must be known for all degrees of load in order 
to estimate the internal temperatures from the ther- 
mometer readings. 

(8) The nominal rating as defined by the Standards 
of the A. I. E. E. and as applied to self-ventilated 
railway motors is a fictitious rating since it specifies 
the run to be made under abnormal conditions of ven- 
tilation due to the removal of ventilating and com- 
mutator covers and due to the fact that the motor 
speed is usually higher than the average speed found 
in service. This has resulted in its being no longer a 
true measure of the motor’s thermal capacity. It is 
merely a measure of the motor’s overload capacity 
under the conditions given. 

It would be more logical to make this test under 
conditions of ventilation as used in service. 

The writer, however, believes that the original 
purpose of the one-hour run, that is a measurement 
of the motor’s thermal capacity, is essential and should 
be approximated as closely as possible. This can be 
done either by reducing the time of the run or by 
reducing the effect of the ventilation. 


Appendix 


PART I 


TEMPERATURE RISE OF ELECTRIC MACHINES 
ON CONTINUOUS AND SHORT-TIME DUTY 
Symbols. “ 
Let W = Total watts loss in motor or part considered. 
T. = Final average surface rise deg. cent. on 
continuous duty. 


T, = Surface rise at end of time (¢). 

t = Time in hours the load is applied. 

T, = Average surface rise at start of cycle. 

T. = Temperature rise of ventilating air deg. cent. 

V = Cubic feet of air per minute through the 
machine. 

A = Cross-sectional area for air flow in sq. ft. 

» = V/A = averageair velocity through machine 
in ft./min. 


S. = External surface of machine in sq. in. 


S,; = Internal ventilating surface of machine in 
sq. in. , 
K, = Heat flow from internal ventilating surface 


in watts/sq. in./deg. cent. See Fig. 1. 
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K. = Heat dissipated from external surface in 
watts/sq. in./deg. cent. Approximately 
0.013 when stationary. 
r = Approximate ratio of external frame rise 
to the internal surface rise. 
P., = Weight in pounds of active material. 
P; = Weight in pounds of inactive material. 
With a given load applied having a loss of (W) watts 
for a time (t) the following statement is true: 
Total Energy = stored energy + dissipated energy. (1) 
But (a) Total energy = Wt 
(b) Stored energy = 0.06 (P, + rP;) (T:— T,) 
Note: 0.06 is amount in watt-hours necessary to 
raise one pound of iron one deg. cent. based on a 
specific heat of 0.1135. 
(ec) Dissipated energy 


i ¢ 
-{ Ker Tats [ S;K,(T,— T./2) dt 


0 0 
(d) But S;K; (T,— T./2) = T. V/1.8 
= 0.555 7; V. 


Note: 0.555 is amount in watt-min. required to 
raise one cu. ft. of air one deg. cent. 
2 2S;K;T; 
(e) Hence T,, = ThhvV tS. Ke 
(f) 


Substitute (e) in (c) dissipated energy 
it 


-{ T. (Sir K. + yapag Ke ) at 


0 
Substitute (a), (b), and (f) in (1) 


it 


Wt = 0.06 (P, +r P) (T.— T.) + (S.r kK. 
0 
V SCE; 
+ yaposK, rat (2) 


Taking the derivative of (2) with respect to ¢; 


(5) 


W = 0.06 (P, +7 P,) Lise (S.rkK, 
VS.K; 
+ V40.9S,K; )r (3) 
Li 0.06 Pet rP) ar pacteanes 
Pgs T. (Ser K. + V30.9S:Kr ) 
3 V S:K:; 
Het Gas mend TS? eeVocks Outed alee 
0.06(P,+rP)dT, _ 
rin RES | EES HELPER IT at 
The integral of this equation is 
Tt i 
0.06 (P,+rP, dT, 
if opr { dt (6) 
Ts re) 
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Tt t 
i SOG AED tog, cw D70 | «| 
rT: 0 
0.06 (P. +r P;) A OR 
or Saye log, W—DT, =f (6a) 
or (ayes 
W—DT, = € 0.06(Pa +rP;) 
== D 
or oor =e Gs arPa (7) 
When ¢ = infinity T, = T. 
Hence W—DT.=0 
or.T.= W/D 
W 
= ——_—____.,—__ 8) 
VS;K; 
S.r Kk. + 49S, K; 


0.06 (P. + r P;) 0.06 (P, +17 P;) T. 


Lett; = D = mete eats 


Substitute (8) & (9) in (6a) ¢ = t,log, fp — (10) 
Orc == tes oy logio ed 
foo t 


The above can also be expressed as 
T, = T.— (T-— T,) e=*/ 
Where (e) is the Naperian base (2.718) ° 


(11) 


PART II 

The above equations (10 or 11) will also apply to 
the heating of armature or field copper where the 
’ factors are defined as given below. A uniform cop- 
per. temperature is assumed. 


W = Total imbedded copper loss. 
T. = Final copper rise above iron. 
- T, = Copper rise above iron at time (f). 
t = Time in hours load is applied. 
T, = Copper rise above iron at start. 


(12) 


Where h = Insulation thickness inches. 
S, = Mean slot periphery (q) X No.of slots X 
core length. 
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K, = Thermal conductivity of insulation in watts/ 
sq. in./deg. cent. 
Varies from 0.0025 to 0.0035. 


Eke 
When P = Equivalent pounds of copper of winding 
considered. 


= 0.32 (volume of copper + 1/4 volume of 
insulation! in cubic inches) 


For field winding the same terms are used except as 
noted below: 

W = Total field copper loss. 

T. = Final copper rise above outside surface. 

T; = Copper rise above outside surface at time (f). 

T, = Copper rise above outside surface at start. 

S; = Length of mean coil turn X periphery (g) 

No. of coils. 
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1. The factor 1/4 is used since the insulation has approximately 
1/2 the thermal capacity of copper for the same volume and the 
insulation rise above its outside surface is 1/2 that of the copper. 


Discussion 

M. R. Hanna: Mr. Luke has shown the difficulty of ecal- 
culating accurately the temperature of the various parts of a 
motor when operating on an intermittent duty eycle. However I 
would like to point out that it is possible to obtain quite satis- 
factory results without any great difficulty by considering larger 
sections of the motor. In the ease of inclosed or slightly ven- 
tilated motors we can consider the motor as a whole and in the 
ease of well-ventilated motors we may consider the armature 
as a whole and each of the field windings as separate units. 

After we have calculated the losses in the motor under the 
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various conditions of load, then if we know the watts that the 
motor or its various parts will dissipate at any given temperature 
rise and the watt-hours that it absorbs in attaining this tem- 
perature rise we can, by a simple ealculation, obtain the tempera- 
ture rise at the various points of the duty eyele. The ratio of 
these two quantities, the watts dissipated and the watt-hours 
absorbed is practically eonstant for any particular motor or 
part of motor under any given eonditions of ventilation. This 
ratio definitely fixes the rate of heating or cooling. By rate 
I mean the time required to reach a given percentage of the 
ultimate temperature change. The relation is the simple 
logarithmic equation with which we are so familiar in its appliea- 
tion to the rise of current in an inductive ecireuit. The first of 
these factors. the watts dissipated, ean be determined from 
continuous heat runs such as would be made to determine the 
eontinuous rating. The second factor, the watt-hours absorbed 
for a given rise could be obtained by ecaleulation from heat runs 
such as Mr. Luke suggests as a measure of the thermal capacity 
or may be ealeulated from the weight of material. If we are 
considering the-motor as a whole it is surprising how good a 
value for the thermal capacity can be obtained simply from the 
weight of the bare motor. To illustrate this point I have taken 
values from Mr. Luke's table of distribution and disposal of 
losses in railway motors. In the columns for one-hour runs we 
find values for watts loss per pound of motor and also a value for 
the per cent absorbed. Now if we multiply these two values 
together we have, the watts absorbed per pound of motor during 
the one-hour run or the watt-hours absorbed per pound of motor 
for 75 deg. rise. 
This multiplication gives the following results: 


60 bh: p. Tadlesed. motor... 55<- 8 et ee. 1.96 
65 h. p. self-ventilated motor... .............. 2-28 
25 h. p. self-ventilated motor... .....-......-- 1.85 
200 h. p. separately ventilated motor... .......- 1.93 


The average of these values is 2.01 watt-hours per pound. Note 
that the table covers a wide range of designs from 25 to 200 h. p. 
inelosed, self-ventilated and separately ventilated. The maxi- 
mum variation from the average is only 13 per cent. This is 
fairly close for a quantity of this nature which is rather difficult 
to determine accurately and which is to be used, as Mr. Luke 
points out, in an equation based upon the assumption of a more 
uniform distribution of heat than actually exists. Incidentally 
this average value of watt-hours per pound of motor from Mr. 
Luke’s table checks almost exactly with a value of two wait- 
hours that I have used for the past ten years in rough ealeulations 
of duty eycles in railway service. 

In his conelusions Mr. Luke states that temperature limita- 
tion in railway service is found in the hot-spot temperature at 
peak loads. While this is a perfectly logical conelusion from 
the ealenlations presented, there are certain practical considera- 
tions that should not be overlooked. Time as well as tempera- 
ture is an important factor in the deterioration of insulation. 
It is a matter of general knowledge that cotton when properly 
impregnated as required to meet the conditions of Class A 
material will stand temperature considerably in excess of that 
specified for Class A material for many days without serious 
deterioration. In an applieation where weight of equipment is 
of such great importance and where peak loads of such severity 
oceur as in railway service it would not be economically correct 
to limit hot-spot temperatures at peak loads of short duration 
to the temperatures prescribed for continuous service. We must 
make some allowance for the element of time. 

C.J. Fechheimer: I believe that one of the most interesting 
things in connection with various physical phenomena is that 
the equations which are derived for one kind of phenomenon 
apply to another: for instance, the equation for the magnetic 
field or for the electrostatie field are known to be very similar 
and practically identical. I refer to the flow lines and equal- 
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potential lines. The gravitation field, the heat flow field, the 
hydrodynamic field pertaining to the flow of fluids, are mathe- 
matically at least, the same kinds of phenomena. 

The particular ease in point, in connection with Mr. Luke’s 
paper, is his time-temperature curve equation, which is similar 
to that of the equation pertaining to the building up of current 
in an induetive cireuit. 

Mr. Luke’s equation, (using his symbols) is, if the datum 
for reference be taken as T,, (that is, T, is taken as zero for 
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reference): T; = T; (1—e a 5 
The time constant, 1%, is: 
S.r Ke + Si Ki 
rd 0.98; K; 
if — Le 
7 06 (P. +1 Pi) 


The first term in the numerator represents the watts dis- 
sipated from the external surface per degree. The second term 
will also be seen to increase with the watts loss.? 


Therefore, the numerator is a factor which is nearly propor- 
tional to the watts liberated. The denominator is a constant— 
depending upon the specific heat times the weights.. Therefore, 
the denominator represents the heat stored. In other words, 
the time constant, 1/4, is equivalent to the ratio of the energy 
consumed to the energy stored. 

The well-known equation for the growth of electric current 
in an induetive eireuit is: 

r 
z= Ih qd —e & 3 ) 

Thi- saraticn is in every way similar to Mr. Luke’s equation 
as written above, provided thé time constant R/L is similar to 
the time constant 1/i;. This will be seen to be the ease, for 
R/L represents the ratio of the energy consumed indicated by 
R, to the energy stored in the magnetic field, indicated by L. 
Thus, i, the current at any instant, is comparable with T;, the 
temperature at any instant; Jo and T, are comparable, both 
being the values for the steady state. 

I want to eall attention to the fact, mentioned also by Mr. 
Luke, that equations of this character can be considered only 
as approximate. I want to emphasize that point, so that any 
one using such equations would not be likely to bemisled. The 
conditions might be compared, perhaps, with those which would 
obtain in the building up of eurrent in an inductive circuit, if 
the factor L were not a constant, but one which depended on the 
permeability of the iron. You could see at once how extremely 
difficult a solution of that problem would be in the electric cir- 
cuit if the permeability were variable. Some of the uncertain- 
ties are that the temperatures are not uniform, and therefore the 
rates of dissipation of heat are not uniform. We get all values 
of temperature, for instance, from the outside surface of the 
motor. Non-uniform temperatures also mean that there are 
complex internal heat flows—fiows from high to low temperatures 
—whieh complicate the problem tremendously. Such factors 
it is next to impossible to incorporate in any anathematien! 
derivations. 

The constants entering into the equations are quite uncertain; 
such as the rates of dissipation of heat from any one of the 
surfaces. That nominal constant is very much complicated by 
the effect of eddies in the air. If the air moves in perfectly 
straight lines, it does not pick up nearly so much heat for a given 
rise of temperature of the surface above the air as it does if the 
air is highly turbulent. When highly turbulent, each hy oe 
a fo ee ck? i shah < a 


stant for a given machine.} — De ig 
becomes Si K i, = watts liberated ‘om the tern 
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of air comes into contact with the dissipating surface, and there- 
fore each particle serves directly to pick up heat; otherwise, only 
those particles of air which come into contact with the par- 
ticular surface are heated directly: with smooth flow, some 
particles are heated indirecily, that is. by conduction. 

As time goes on, as the air-heats,—the mass of air must 
necessarily decrease, assuming that the volume of air is constant; 
and as the amount of heat which the air can take up is a function 
of the mass of air per minute which passes through the motor, 
the air becomes less effective for carrying away the heat. 

Again, the ratio “r* which Mr. Luke has in his equations, is 
also subject to experimental determination, and a great many 
tests are required before it can be determined with sufficient 
accuracy. 

However, I do not want, by any means to disparage the value 
of Mr. Luke’s paper, as I think it is quite a valuable contribu- 
tion. As a matier of fact, the duty eyele of the railway motor 
is very uncertain; much more so than the factors which come 
in in the determination of the time-temperature curves. We can 
approximate sufficiently close for ordinary use, by means of Mr. 
Luke’s equations, the conditions which obtain in general ser- 
vice in railway motors. 

I think that if a complete solution were obtained it would be 
advisable to estimate roughly the influence of longitudinal heat 
flow in the copper, as well as the transverse heat flow. I at- 
tempted to do this in a paper which I read a year ago before the 
Institute.* That solution covers the steady state only; if, 
in addition, time is considered as an independent variable, the 
equations become so complieated that a solution is well nigh 
impossible. 

I want to mention two more points; first, the enormous 
influence of air pockets. This was spoken of in discussing Mr. 
Shanklin’s paper. In the imsulating wrappers on coils, 
whether paper, or cloth, or mica, or what not, there are certain 
values of thermal conductivities for the individual layers of 
insulation. If these layers of insulation are put one above the 
other, as in ordinary practise, it is impossible to avoid tiny air 
pockets between them. The effect of these air pockets, (or 
“eontact resistance”), is to decrease the thermal conductivity 
to about half the value which would obtain for the individual 
layers. This means, of course, that it is far more difficult for 
the heat to eseape as the result of these air pockets than would 
be the ease if they were not present. Furthermore, this decrease 
in thermal conductivity, due to the voids, makes the determina- 
tion of temperature more uneertain because the thermal 
conductivity has a more uncertain value in wrappers, than when 
the individual layers alone are dealt with. 


The other point: We are accustomed to speak of heat dis- 
sipated from machinery, or from any other heated body, as 
radiation. We speak, for instance, of those devices which are 
the agents for heating our rooms as radiators. As a matter of 
facet, nearly all the heat is dissipated from them by free convection 
currents, and only a little by radiation, radiation pertaining 
to heat waves in the ether. The heat which escapes from the 
ineandeseent lamp filament is almost entirely by radiation, 
because the temperature of the filament is so very high compared 
with the surrounding bodies, but not so with the heat from an 
electrical machine. There it is almost entirely dissipated by 
convection currents. Why should we not speak of the surfaces 
from which heat is dissipated as “heat-dissipating surfaces” 
rather than as “heat-radiating surfaces?” 

F. W. Peters: From experience I feel that the designing 
engineers have pretty well mastered the subject of railway motor 
heating, the topie under diseussion in the paper. This is borne 
out from a practical standpoint by the fact that there are rela- 
tively few failures emanating from straight overheating where 

2. Longitudinal and Transverse Heat Flow in Slot-Wound Armature 
Coils, Trans. 1921, A. I. E. E. p. 589. 
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motors are operated within the service for which they are 
recommended. Design constants are well Known and a reason- 
able factor of safety used in application to motors with the result 
that the pure heating situation seems to be quite well taken care 
of. 

However, I wish to read a sentence in Mr. Luke’s paper as 
follows: “Railway motor failures may be classed as mechanical 
and electrical. A large part of electrical failures is due to poor 
commutation and flashing or to excessive temperatures.” 

On the basis of experience with failures of railway motors from 
a manufacturer's standpoint, it appears that failures because of 
excessive temperatures are relatively very few in number. 
Often it is difficult to determine the eause of a failure, and many 
times erroneous conclusions may be arrived at, because evidence 
of the primary cause for the failure may be destroyed. A 
failure, apparently due to temperature. is very often the result 
of a contributing cause initiated by a mechanical failure. For 
example, if a coil becomes loosened in a slot and mechanical 
chafing of the msulation results im an electrical breakdown, it is 
possible to attribute the failure to excessive temperatures, 
whereas it is primarily a mechanical failure. 

Railway motors are subjected to very severe service with 
respect to operatmg undez conditions of moisture. Weare all 
familiar with the fact that failures in wimier are much greater 
than in summer. Put two similar motors in equivalent service 
with one operating under severe moisture and the other under 
dry condition, the former moter would be expected to fail in 
a shorter time than the latter because of water and the dirt 
earried with it which more rapidly harms the insulation. While 
the heating conditions for the two motors are identical we would 
expect shorter life on one than the other beeause of an outside 
contributing eause. When such a motor fails it may be atiri- 
buted to excessive temperatures, whereas it may in reality be 
due to the severe mechanical conditions to which the msulation 
has been subjected. 

Other failures that we have to contend with are those caused 
by flashing which may harm the insulation, and on the oceasion 
of a burnout may make it appear that excessive temperature 
was the cause; whereas the failure was accelerated by an abuse 
of the insulation. 


A. C. Lanier: Mr. Luke’s paper has brought out im a very 
interesting fashion the possibility of approaching what is rather 
a complex problem in a rational way, and getting results which 
are simple and yet dependable within reasonable limits. When 
eonditions affecting heat dissipation are known, such as the 
losses and their distribution. the weights of material which 
absorb the heat energy, the volume of cooling air available, and 
the extent and character of the surfaces with which that air 
eomes in contact, probable temperature rises may be predicted 
under known sets of conditions. 


The same method of approach would very naturally suggest 
itself for motors in ordinary industrial applieations, but with the 
ordinary industrial motor, some difficulties enter which are 
absent or less pronounced in the ease of the railway motor. 
Of course, there is relief, on the other hand, from a good many 
difficulties which the railway service imposes. If we consider, 
for example, the open motor with natural ventilation, we find 
considerable variation in the ventilating characteristies even 
of individual machines of the same general line. For example, 
there is a difference in the effectiveness of multiple turn coil and 
single turn coils; this difference seems chargeable both to un- 
equal fanning action, and unequal amounts of coil end surface 
exposed to the convection currents of air. Frequently with 
different motors and different coils, the flow of air is not found 
with any great degree of definiteness, it is very variable,—you 
might find different parts of the motor resisting rather than con- 
tributing to a definite air flow. 

When the question of degrees of enclosure is introduced, the 
problem of ventilation and temperature rise is further compli- 
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eated and is rendered still less definite. With total enclosure, 
the total external radiating surface of the motor sets a fairly 
definite limit to the losses which may be dissipated. With 
partial enclosure there is not only a reduction in the amount of 
cooling air earried into the motor, as compared with the open 
type, but its direction of flow may also be considerably modified. 

l should think, however, that though a larger number of con- 
stants might be necessary in applying these general relation- 
ships, which Mr. Luke has given to the ordinary industrial 
motor with natural ventilation, still with sufficient experimental 
data, his method might work out very well. I should like to 
know whether Mr. Luke has extended his investigations into the 
field of motors in industrial applications. 

G. E. Luke: Mr. M. R. Hanna has shown that the watt- 
hours absorbed by the motor at the one-hour rating are approxi- 
mately equal to two watt-hours per pound of motor and is prac- 
tically independent of the type or degree of ventilation. Mr. 
Hanna mentioned the fact that insulation life is affected by 
not only high temperatures, but also by the time these tempera- 
tures existed. This point is well taken, since tests have been 
made under load conditions which caused the insulation to 
“smoke,” involving temperatures ranging from 175 to 200 deg. 
cent for a few minutes duration. Examination of the insula- 
tion (Class A) showed it to be still in good condition. However, 
there is no doubt but that continued application of these high 
temperatures would soon cause failure. For example, tests on 
Class A insulation at 150 deg. cent. for three months rendered 
it lifeless as far as mechanical strength is concerned. 

The poor thermal conductivity of insulating materials due 
to air pockets in the built up material was mentioned by Mr. 
C. J. Feechheimer. Proper impregnation of the insulation will 
reduce these high resistance paths to the flow of heat. Dipping 
and baking of the armature and fields is also beneficial in making 
the insulation more compact and homogeneous. 

As stated by Mr. Fechheimer, radiation plays a minor part 
in the eooling of electric motors. For example the factor of 
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0.013 has been previously given as the watts dissipated from 
the external surface of a railway motor frame in watts per 
square inch per deg. cent.rise. This is the resultant of radiation, 
natural convection and a very small factor due to conduction 
through the motor supports. Of this constant (0.013) 20 to 
30 per cent is due to radiation, and the remainder is mostly 
the resultant of natural convection. 

Mr. F. W. Peters brought out the fact that a relatively small 
percentage of failures is caused by roasting or excessive heating 
of the insulation. Fortunately this fact is true especially when 
the motors are not loaded beyond the limits recommended by 
the manufacturer, and when weather conditions are not 
abnormal, 

However many eases develop where a motor must be over- 
loaded in order to maintain the schedules in an emergency. 
It should be clearly understood that on such abnormal overloads 
if failure oceurs it is apt to be due to overheating since the 
factor of safety used from a mechanical standpoint is much 
greater than that feasible from the heating standpoint. 

The purpose of this paper was to bring out the temperature 
limitations of the motor under different load conditions so that 
the lightest motor economically possible, consistent with satis- 
factory operation, could be used. ” 

Prof. Lanier asked whether the method of calculation of tem- 
perature could be applied to industrial motors. The method as 
mentioned in the paper is more applicable to separately ventila- 
ted motors, where the air conditions are more definite, since the 
air is restrained to move in more or less definite paths. In the 
ease of industrial motors where the machine is cooled by nat- 
ural convection currents or the fanning action of the armature 
duets and end windings, the conditions of ventilation are not 
definite enough to calculate with any degree of accuracy, from 
the fundamental physical conditions. However, if one con- 
tinuous rating is known, other ratings on the same machine may 
be calculated at different loads and speeds as explained in the 
paper for self-ventilated motors. 
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Subject of the Paper.—aA kinematic device is described 
and illustrated which represents the vector diagram of a 
polyphase induction machine. The parts are made to assume at 
will different positions corresponding to different loads of an in- 
duction moter or generator. The primary and the secondary 
constants, the magnetizing current, and the core loss, are also 
adjustable at will. The device permits the visualization of the 
performance of an induction machine and can be used for a study 
of a given machine or for a selection of the constants to give the 
desired performance characteristics of a new machine. The in- 
put, output, torque, speed, power factor, etc., can be read off on 
the device as in an actual brake test. 

The kinematic connections consist mainly of generalized pro- 
portional dividers and of parallel tongs, so combined as to satisfy 
a system of simultaneous vectorial equations which represent 
the properties of the machine. Further applications of the device 
to polyphase commutator motors are suggested. 


INTRODUCTION 


The Meaning of the Word “Indumor.” 
tion of the words “‘induction motor.” 

What the Indumor is. A combination of movable 
and adjustable bars (Fig. 1) which can be set to repre- 


An abbrevia- 


Fig. 1—Tux InDUMOR 


sent to a certain scale a vector diagram of voltages, 
currents, m. m. fs. and fluxes in a polyphase induction 
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motor or generator of any desired constants. The 
parts of the device are kinematically so constrained 
that the diagram set correctly for one load remains 
correct at any other load. 


The Purposes of the Device. (1) To enable a designer 
to select the best electrical constants and to “test”’ 
an induction motor or generator before it has been 
actually built. (2) For some applications to take the 
place of an involved analytical theory; it is often 
difficult to see the effect of separate factors upon the 
performance characteristics, and it takes considerable 
mathematical skill to deduce the equations of the 
various loci. (3) For some purposes to take the place 
of the circle diagram which becomes quite complicated 
when the primary resistance is taken correctly into 
consideration. (4) To add the judgment of the eye 
and the skill of the hands to the purely mental ability 
in selecting the constants of a machine for a desired 
performance, or in judging the characteristics for 
assumed constants. (5) To enable an investigator 
or a student to familiarize himself with the machine 
as if he had one available for tests. This is of particular 
importance with large machines for which no facilities 
may be available for testing. 

The Performance Curves that the Indumor Enables 
One to Draw. Current, torque, speed, slip, input, 
output, efficiency, power factor, and magnetizing 
current. These may be obtained just as easily at a 
constant applied, voltage as at a voltage which varies 
in any desired manner. 

The Factors Which May be Taken into Account — 
and varied separately at will in the Indumor. Per 
cent magnetizing current; per cent primary and sec- 
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ondary resistance; per cent primary and secondary 
reactance; core loss; friction. 

Limits of Rating and Output. Like any other 
graphical device, the Indumor requires certain scales 
to be chosen for each particular problem. A convenient 
scale has to be selected for amperes, and another for 
volts. The device can represent the performance of a 
fractional horse-power motor as well as of one whose 
output runs into thousands of kilowatts; of a 110-volt 
machine as well as of one wound for 11,000 volts. As 
in any graphical device, there are limitations due toa 
finite length of the links. With a certain setting the 
device may give an accurate performance say between 
no-load and 1.5 times the rated current. If a heavier 
overload is desired a smaller scale may have to be 
chosen for amperes. 


B. GENERAL DESCRIPTION OF THE INDUMOR 


The first complete Indumor was built in the shops 
of Cornell University during the summer of 1921 and 
is shown in Fig. 1. The same device is shown as a 
single-line diagram in Fig. 8. It is made of flat steel 
bars, not over one cm. wide and a few millimeters 
thick. The lengths of the principal members, between 
centers, in centimeters, are shown in Fig. 8. 
Some bars are of constant length, others are of adjust- 
able useful length, holes being drilled every few milli- 
meters. Most bars are connected to each other by 
means of pivot joints; others are set at a constant 
angle to each other by means of the protractors clearly 
seen in Fig. 1. 

The device is assembled on a table provided with two 
grooves, at right angles to each other. The ends 
of some bars are constrained to move in these grooves. 
Different bars have to be placed in different horizontal 
planes to enable them to cross each other without 
interference. In Fig. 8 the bars nearest to the table 
are marked 1, those immediately above them are marked 
2, etc. The particular sequence selected is not essential 
since the device is intended to represent a vector 
diagram in a plane. 

A detailed description of the functions of different 
parts is given below in connection with the theory of 
the Indumor. It suffices to state here that the device 
is set for chosen design constants at a certain load. 
The setting is done by selecting suitable scales for 
volts and amperes and adjusting the lengths of a few 
bars and the angles accordingly. The Indumor then 
represents a set of four simultaneous vectorial equa- 
tions which together characterize the machine, viz.: 

(a) The primary electric circuit; 

(b) The secondary electric circuit; 

(c) The main magnetic circuit; 

(d) The relationship between the induced e. m. f. 
the flux. 

After having been properly set, the kinematic 
combination becomesa system with one degree of freedom, 
that is, if any point of it is moved, all other points move 
in a perfectly definite manner. It is well known that 
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an induction motor at a constant applied voltage is such 
asystem. As the load varies, all the electrical charac- 
teristics and the speed vary in only one possible way. 
It differs in this respect from a shunt-wound direct- 
current motor in which the field current is a second 
independent variable, or a second degree of freedom. 

Having set the device, the lower knob is moved up 
and down in the groove. This causes all other members 
to assume new positions. For any position of the 
knob readings can be taken of the current, phase angle, 
torque, slip, output, etc., asin any brake test. Lengths 
are measured with an ordinary meter scale, and phase 
displacements may be either measured directly with 
the sighting goniometor shown in Fig. 9, or computed 
from the measured projections of vectors, as is explained 
below. 

The Principle of the Indumor. The device is based 
on the principle of ordinary dividers. Let the two 
legs on a pair of dividers be denoted A B and BC, 
with the pivot at B. The length to be measured is 
AC, and A C can be varied at will by opening or closing 
the dividers, even though the length of the dividers’ 
legs is constant. 

Similarly in the Indumor the variable vectors are 
not represented by the bars themselves, but by the 
distances between the ends of two bars. The only 
vector directly represented by a bar is that of applied 
voltage because it remains constant. Thus, while 
the Indumor shown in Fig. 1 gives a complete vector 
diagram of an induction motor, the vectors themselves 
are represented. only by imaginary lines connecting 
the ends of various bars. By drawing such lines the 
usual vector diagram is obtained, such as is shown in 
Figs. 3 and 4. 

At the 1918 Midwinter Convention of the Institute 
the author demonstrated another kinematic device, 
which imitated the performance of the polyphase 
series commutator motor (The Secomor, TRANS. A. I. 
K. E., Vol. 37, p. 329). That device was based on 
the use of bars which directly represented vectors. 
The lengths were varied by means of slides movable 
along the bars. The Secomor required a separate 
setting for each point since it did not have constraining 
links. The Indumor is a more accurate and auto- 
matic device; once set correctly for one point it gives | 
the whole range of operation of the machine, because 
of properly designed constraining motions. 


THE PERFORMANCE DIAGRAM OF A _ POLYPHASE 
INDUCTION Motor - 


It is well known that for certain purposes a poly- 
phase induction motor may be replaced by an equiva- 
lent combination of resistances and reactances, as 
shown in Fig. 2 (see for example the author’s “Electric 
Circuit”, Chap. XII). In this diagram one phase 
only is represented; 7), 2,, T2, and 22, are the primary 
and the secondary resistances and reactances, the 
secondary quantities being reduced to the primary 
circuit, (see for example the author’s ‘Magnetic 
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Circuit”, p. 133). The susceptance 6, is of such a 
magnitude that the current I,, passing through it is 
equal to the actual magnetizing current of the motor. 
The conductance g, causes a joulean loss numerically 
equal to the primary core loss of the actual machine. 
The mechanical load of the actual machine is re- 
placed by an adjustable resistance R; the J.?R loss 
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R by a counter-e. m.f. H;. At synchronism FE, must 
be equal and opposite to the voltage E, between M 
and N in order to reduce the secondary current to 
zero. As the generator load increases, #; must be 


made greater than E,, always keeping E, in phase 
with the scondary current, I., which is now reversed. 
The Vector Diagram. 


The relationships shown in 


in this resistance can be made equal to a desired motor 
load. Strictly speaking, this load, in addition to the 
useful output, includes the friction, windage, and the 
secondary core loss. In approximate computations 
the friction and windage losses are sometimes taken 
into account in the conductance go, but it is better 
to subtract the mechanical losses from the total out- 
put. A still better approximation to the actual con- 
ditions could probably be obtained by using three 
shunted constant conductances, one across the line 
terminals A B, one across M N, and one between C 
and D. 

A combination of resistances and reactances shown 
in Fig. 2 gives nearly the same performance curves as 
the actual motor. Let a certain brake load be applied 
to the actual motor and let theresistance R of the equiva- 
lent combination be so adjusted that the primary 
current is the same as in the actual motor. Then it 
will be found that the primary input and the power 
factor are also the same and that the brake load is 
equal to I.2 R watts, less the friction and windage. 

The slip, being equal to the percentage of secondary 
loss, can be computed as the ratio of rz to (R + ro), 
and checks very closely with the actually measured 
slip. The torque, in synchronous watts, is equal to 
the input into the secondary circuit and therefore is 
equal to J,.2(R +12). The voltage Ey) between M 
and N is a measure for the air-gap flux. Thus, all 
the important characteristics of the motor can be 
obtained from the equivalent diagram, either by test 
or by computation. 

For the operation as an induction generator, above 
synchronism, the ‘resistance R should be assumed 
negative. At synchronism this resistance is infinitely 
great, and in the transition from motor to generator 
it jumps from + ~ to— ~. Then it remains negative, 
decreasing in its absolute value. Another way of repre- 
senting the generator range is to replace the resistance 


Fig. 2 are represented vectorially in Fig. 3, which is 
the familiar transformer diagram at non-inductive 
load. Beginning with the vector of the air-gap flux, the 
magnetizing current, J,,,is drawn in phase with it 
and the core loss component, J;, in quadrature with 
it. This gives the total exciting current, I, through 


Air-gap 
Flux 


f Inx, 


ire. > 


the shunted admittance between M and N in Fig. 2. 
This current leads the flux by an angle a. 

The voltage E, balances the e.m.f. induced by 
the air-gap flux, and is therefore drawn in leading 
quadrature with it. The applied voltage consists 
of E, and of the parts J, r, and J, x, lost in the primary 
impedance. The voltage FE, is used up in the secondary 
circuit, partly in the impedance of the winding, partly 
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in the resistance R. The primary current, J;, is equal 
to the secondary current, J., plus the exciting current 
ie 

We thus have the following four fundamental vec- 
torial relationships which must be simultaneously 
fulfilled in the Indumor: 

(a) The geometric sum of Ey, I,7:, and J; #1, must 
be equal to the applied voltage HF. 

(b) After subtracting the vector I.,z:. from EK, 
the remainder, f b, must be in phase with J». 


Fig. 4 


(c) The geometric sum of J, and J, must be equal 
to I te 

(d) Zo must be proportional to HE, and the angle 
between the two must be constant. 

The diagram in Fig. 4 is identical with that shown 
in Fig. 3, except that some vectors are rearranged 
in order to simplify the construction of the Indumor. 
The direction of the secondary current, J:, is taken as 
the Y Y axis, and the triangle J, I, I, is drawn accord- 
ingly. The triangle bfe is turned back by ninety 
degrees, so that E, forms the angle a with I), instead 
of (90°— a). Similarly, the quadrilateral built on 
the primary voltage E, is turned back by ninety 
degrees, and is so placed that Ey is its common sidé 
with the triangle of secondary voltages. The vector 
I, R = E., which in Fig. 3 is parallel to J2, is now 
perpendicular to I,, and chosen as the direction of the 
X X axis. 

In Fig. 4, as well as in the Indumor, all the voltage 
vectors are turned back by 90 deg. with respect to their 
true positions in Fig. 38. Or else, the voltages in the 
Indumor may be said to be in their correct position, 
but the currents advanced in phase by 90 deg. This 
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must be borne in mind when measuring the phase angle 
between the primary current and voltage. The 
operation of the device is not otherwise affected since 
the currents and the voltages form separate closed 
figures. 

The reason for turning the voltages, or the currents, 
in the Indumor is that it is mechanically much simpler 
to make two lengths vary in a constant ratio when they 
are nearly in line with each other than when they are 
perpendicular to each other. Neglecting the core loss, 
the magnetizing current, J, in Fig. 3 is at right angles 
and proportional to Ey. In Fig. 4 I, is nearly in phase 
with Ey, and proportional dividers have been developed 
which can keep the two vectors in a constant ratio and 
at a constant angle, when both vectors vary with the 
load. 

Figs. 4 and 8 can be directly compared, the corres- 
ponding quantities being denoted by the same letters. 
Thus, ad is the secondary current, a 6b is the primary 
current and db is the exciting current. The primary 
impedance drop is bc, the secondary reactive drop is 


Detail of Screw Pivot-Joint 
atn&p 


Fic. 5—Proportionat DivipEers 


ef, the applied voltage is ec, etc. Since the Indumor 
is based on the principle of dividers, all the variable 
vectors are measured between the pivot points of 
different bars and not along one and the same bar. 


THE KINEMATIC DETAILS OF THE INDUMOR 


Having established the relationship between the 
vector diagram in Fig. 4 and the linkages in Fig. 8, it 
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remains to show how the various points are constrained 
to move along certain paths in order that the four 
above-mentioned conditions remain fulfilled with any 
setting of the device. 


I. Proportional Dividers for the Primary Impedance 
Drop 

In Fig. 4 the primary current, I, = ab, and the 
primary impedance drop, J; 2: = 6c, are proportional 
to each other and their vectors are inclined to each 
other at a constant angle 6,, where tan 0; = 2;/2;. 
Proportional dividers which permit this relationship 
to be realized are shown in Fig. 5, the corresponding 
points being also marked a; b, c. The three bars, a k, 
bk, and 1m, are of the same length between the centers. 
The shorter bars, kl, 6 m,-and c’ m, are also of equal 
length. By means of protractors 1 and 2, the bars 
c’ m and k l are set at the desired angle, 6, to the longer 
bars, and are fastened in that position by means of 
slotted bars 5 and 6 and head screws 3 and 4. This 
makes the triangles b mc’ and akb similar to each 
other, with their corresponding sides inclined at the 
angle 6; to each other. By opening or closing the 
dividers, the distance a b may now be varied at will, 
and the distance bc’ will always remain proportional 
to it and inclined at the angle 6,. 

The desired length 6 c is different from 6 c’, and point 
c is located by means of the bars cn’ and cp’, by 
making bp = pe and cn=c'’n. The holes in the 
upper bars are drilled and counter-sunk; those in the 
lower bars are drilled and tapped, as shown in the 
detail sketch. Machine screws are used at points p 
and n for fastening the bars together. These screws 
do not prevent a free rotation of the bars relatively 
to each other. The triangle } pc is similar to bmc’, 
so that 6 c also remains proportional to a 6. 

The bars ak and kb must be long enough to allow 
the dividers to be opened for the greatest length ab 
of the vector of primary current for which the Indumor 
is designed. The shorter bars must allow a setting 
for the highest percentage of primary impedance drop 
that will ever be used with the apparatus. To illus- 
trate, let the total length of the bar ec (Fig. 8), which 
represents the primary applied voltage, be 150 cm., 
and let the highest primary impedance drop, that may 
ever be encountered under the extreme practical con- 
ditions, be say 10 per cent of the applied voltage. 


Then the length bc’, with the dividers fully opened,- 


should be not less than 15 cm. Should a special 
motor have the primary impedance drop of over 10 
per cent, it is only necessary to use a shorter length 
for the primary terminal voltage. For example, 
with the vector of primary voltage 75 cm. long, an 
opening 6c’ = 15 cm. corresponds to a primary im- 
pedance drop of 20 per cent. Any smaller value of 
primary impedance drop down to zero, can be obtained 
by properly setting the point c. 

When adjusting the dividers it must be remembered 
that the reactive drop is set in phase with the current, 
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and the ohmic drop in quadrature with it, because 
in the Indumor the currents are turned by 90 deg. 
with respect to their true position in Fig. 3. The 
dividers just described are denoted in Fig. 8 by the 
same letters. 


II. Proportional Dividers for the Secondary Reactive 
Drop 


In the Indumor the secondary reactive drop is taken 
into account separately from the secondary resistance 
drop, because the latter is used in measuring the slip 
and must therefore be represented by a separate 
length. In the primary circuit the resistance drop and 
the reactance drop are combined into one vector which 
is represented by the above described proportional 
dividers. 

The proportional dividers for the secondary circuit 
are simpler than those for the primary circuit, since 
their only purpose is to give a length I, x. proportional 
to I, and in line with it. It will be remembered that 
in the Indumor the voltages are turned by 90 deg. 
with respect to their true position in Fig. 3, so that the 
reactive drop is in phase and not in quadrature with 
the current. 

When the two protractors in Fig. 5 are set on zero, 
the segments a 6 and bc lie on the same straight line, and 
such a device can be used for the secondary current 
and reactance drop. The protractors, the slotted 
bars, and the head screws, can be omitted altogether 
and the members ak and kl made of one piece of 
steel. Similarly, c’m and ml can be made of one 
piece. If now the larger opening, ab, of such simplified 
proportional dividers be applied between points a and d 
(Fig. 4), the smaller opening, bc, when properly set, 
will give the length d w, equal to the secondary reactive 
drop. This length is transferred into the position ef 
by means of the parallel double-tongs described under 
IIT below. 

The secondary proportional dividers are shown in 
Fig. 8 in their actual position. The secondary current 
is ad and the corresponding reactive drop is dw. 
The three long bars are ar, rw, and gd. The shorter 
bar is du. Holes are drilled and tapped in some of 
these bars (Fig. 1) so that d w can be made of any de- 
sired length. The dividers simply consist of two similar 
triangles, arw and duw, held together by the bar 
qd so as always to keep the sides dw and ar of the 
triangles parallel to each other. é 


III. Parallel Double-Tongs 


The secondary reactive drop dw (Fig. 4) obtained 
by means of the proportional dividers, has to be trans- 
ferred to the position ef at the end of the vector E,. 
As the load varies, the distance between d and e also 
varies, both in magnitude and in direction, so that 
it is necessary to connect the points d, w, and e, by 
means of an adjustable translating device, whose fourth 
point would give the correct position of point f. 

Such a device, which might be called “parallel double- 
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tongs,” is shown in Fig. 6 in two positions. The four 
end-points are lettered d, w, e, and f, to correspond to 
Fig. 4. The construction of the device is such that 
fe is always equal and parallel to wd. If fe be kept 
constant and stationary, the tongs will allow only 
such displacements of the points w and d at which 
the distance wd remains equal and parallel to itself, 


Fie. 6 


as shown by the dotted lines. If fe be varied in 
direction and in magnitude, wd will vary accordingly. 

The device consists of eight pivoted members. 
There are two short bars of equal length, marked J, 
two equal bars, IJ, of intermediate length, and four 
long bars, JIZ, of equal length. The length ww’ 
between the centers must be equal to dd’, and w’ w” 
must be equal to d’ d”. The pivot joint o must be 
at the center of both long bars which it connects. In 
other respects the dimensions of the device are arbi- 
trary and depend upon the range of the distances 
which it is designed to cover. A given distance may 
also be connected between f and w, instead of between 
f and e, and an equal and parallel distance is then 
maintained between e and d. 

The parallel double-tongs are shown in Fig. 8 be- 
tween the points d, w, e, and f, and are marked with 
the same letters as in Fig. 6; they may also be seen 
in Fig. 1. In the actual use of the Indumor it 
has been found convenient to have two pairs of 
tongs, one for larger distances, when a long bar is used 
for the applied voltage, and one for shorter distances, 
for use on overloads and near the starting point of 
the motor, at a reduced terminal voltage. When the 
limit of one pair of tongs has been reached they are 
removed and the other pair is slipped in its place. 

The proof of the parallel double-tongs is as follows: 
Let point o be kept stationary, and let point f occupy 
any desired position. The vectors of and od are equal 
and opposite because of the chosen lengths of the links. 
Similarly the vectors 0 e and o w are always equal and 
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opposite; they are also independent of the other half 
of the device. Thus, the triangles o fe and owd are 
equal and turned by 180 deg. with respect to each 


other. Hence, the vectors fe and wd are equal and 
parallel. 
IV. Proportional Dividers for the Magnetizing 


Current 

In Fig. 4 the magnetizing current, Jo, is drawn at a 
constant angle a to the voltage Ey. As the load varies, 
both EH, and J, vary, but their ratio remains constant 
(neglecting magnetic saturation). As shown in Figs. 
2 and 3, the value of the angle a@ is determined by the 

relationship 
tan a = go/bo (1) 


Generalized proportional dividers which permit J» 
and FE, to vary while satisfying these conditions, are 
shown in Fig. 7. The lines bd and be have the same 
meaning as in Fig. 4. By turning Fig. 7 by 90 deg 
so that point b is on top, it will readily be seen that 
these proportional dividers are practically identical 
with those shown in Fig. 5, except for somewhat differ- 
ent proportions. Therefore no new proof is needed 
for the fact that the triangle e bd remains similar to 
itself as the dividers are opened or closed. These 
dividers are shown in the assembly (Fig. 8) marked 
with the same letters as in Fig. 7. 

The angle which corresponds to 6; in Fig. 5 is denoted 
by 6 in Fig. 7, and the protractors are set for this 
angle. It will be seen that angle @ is different from 
the required angle a at b. Since the device is intended 
to represent angle a, it is necessary to know the 
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relationship between a and 8. This simple relation- 
ship may be obtained either graphically or analytically. 

Graphical Solution. On a sheet of paper lay off 
any reasonable value of eb and draw the line bb’ 
at the angle a to it. Also draw the perpendicular 
bisector e’ h’ to eb. Loosen the head screws 9 and 10, 
place the ends of the dividers on points e and }, place 
point h on e'h’ and point g on bb’. The readings on 
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the two protractors should then be equal and the 

headscrews should be fastened in this position. As a 

check, the angle e g 6’ should be also equal to 6. 
Analytical Solution. From the triangle e b g we have: 

gb/eg = sin(8— a)/sina (2) 

From the similar triangles e gj and g b7 we have: 

gb/eg = Ly/Le (3) 
Equating the right-hand sides of eqs. (2) and (3), 
and solving for sin (6 — a), we get 

sin (8 — a) = (L,;/L.)/sin a (4) 

The right-hand side of this equation contains known 

quantities only, hence the angle (8 — a) can be found 

from trigonometric tables and thus $8 determined. 

For given dividers, with constant lengths L, and Ln, 

it is convenient to plot once for all a curve of values of 

6 against values of tana as abscissas, the values of 

tana being given by eq. (1). It is also possible to 

mark directly on the protractors values of a@ opposite 
the corresponding values of (6; then no computations 
whatever are necessary. 

The dimensions of the dividers shown in Fig. 7 
are determined by the desired maximum length of 
the bar ec (Fig. 8) which represents the applied voltage 
E,. For example, if ec is never greater than 120 cm. 
then the dividers must have a maximum opening 
between b and e of about the same length, because 
_ at no load the voltages E, and E; are practically equal. 
The maximum opening bg depends upon the largest 
desired value of magnetizing current. If the maxi- 
mum length of the vector of primary current at the 
rated load is to be, say 100 cm., and if the magnetizing 
current in an extreme case amounts to 40 per cent 
of that, then the maximum opening bg should be 
about 40 em. Should the magnetizing current in an 
unforeseen case amount to over 50 per cent of the full- 
load current, the scale of primary current for that 
particular machine may be so chosen that the rated 
current be equal to say 70 cm. Then a vector of 
magnetizing current 40 cm. long can be obtained on 
the dividers, and is over 50 per cent of therated primary 
current. 

V. Grooves for Keeping the Secondary Current and 
Secondary Voltage at Right Angles to Each Other 
It will be seen in Fig. 4 that the vector of secondary 

current, ZJ,, is always perpendicular to the external 
voltage drop, J, R, and to the drop I, 72 in the rotor 
itself. As the load varies, the magnitudes and the 
relative positions of the vectors ad and fb vary, but 
the vectors remain normal to each other. The author 
has not succeeded in devising any simple kinematic 
linkage that would keep two variable vectors at right 
angles to each other while leaving them otherwise inde- 
pendent of each other. He therefore uses two perpen- 
dicular grooves cut in the table or drafting board on 
which the Indumor is placed. These grooves are 
marked X X and Y Y in Fig. 8 and are plainly visible 
in Fig. 1; their center lines also serve as axes of co- 
ordinates, 
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The points b and f (Figs. 4 and 8) are made to 
move in the groove X X, and the points a and d in 
the groove Y Y. Each point is guided in the groove . 
by a horizontal roller. The required condition of 
perpendicularity of the two vectors is thus fulfilled 
without interfering in any other way with the free 
motion of the four peints. 

The advantage of the grooves over a linkage is that 
they are below the surface of the table, and do not add 
to already numerous bars which must be spaced in 
different horizontal planes. The disadvantages of 
the grooves are (a) the device requires a special table 
and (b) the rollers sometimes bind in the grooves and 
the bars have to be moved slowly. 


VI. The Slip Triangle 


In Figs. 4 and 8 the length fb is equal to the sum 
of I,r, and J,R. In order to compute the slip and 
the output of the motor, it is necessary to measure 
separately the length ff’ = I. 72, because the slip 


s=ff'/fb = 12/(R + re) (5) 
and the output is 
Pom Le Bp ede fb (6) 


A separate triangle, eyz (Fig. 8), is cut out of ordinary 
cross-section paper and is used to measure the length 
ff’. The angle @2 is such that 

tan 02 = 12/22 (7) 
This triangle is placed with one of its sides in the 
direction ef, as shown in Fig. 8, and the length f f’ 
is read off directly. 

The length fb is measured with a meter scale, and 
the torque, in synchronous watts, is computed from 
the equation. 

T = is (E's + Is 12) = ad et b 


THE USE OF THE INDUMOR 


(8) 


The separate parts of the Indumor are assembled 
as shown in Figs. 1 and 8; the bar ec, which represents 
the constant applied voltage, serves as the closing 
link. This bar is provided with several holes, so that 
a voltage scale can be selected which best suits the 
constants of the motor and the desired region of opera- 
tion. Actual experience seems to indicate that a 
long bar ec gives better results on light loads and up 
to the rated current, while shorter lengths are more 
suitable for representing overload conditions. A selec- 
tion of the length ec determines the voltage scale. 

For a three-phase motor, the star or Y voltages and 
currents can be used, and the results for the input, 
output and torque later multiplied by three. The line 
voltage and delta currents can also be used if desired, 
or the line voltage and the total equivalent single- 
phase current. In this respect the Indumor can be 
treated like any vector diagram of a balanced poly- 
phase circuit. 

For a motor of given voltage and rating, the limits 
of primary current between no-load and a reasonable 
overload can be readily estimated, and a current scale 
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can be selected that will permit a free motion of the 
links within the range of the device. 

Knowing the primary resistance and reactance of the 
machine, the primary proportional dividers (Fig. 5) 
are set by adjusting the two protractors and the links 
cn’ and cp’, as explained above. Knowing the rotor 
reactance, the secondary proportional dividers are set 
accordingly. The slip triangle eyz is cut out to 
correspond to the given or assumed rotor resistance. 

If the total leakage reactance has been computed 
from a short-circuit test, the parts to be assigned to x; 
and to x. cannot be ascertained, and in ordinary cases 
the total reactance is divided about equally between the 
primary and the secondary circuit. To the writer’s 
best knowledge, there is no way of separating the two 
reactances from the no-load and short-circuit tests alone. 
The separation can be done if in addition a set of 
readings is given at some load, preferably at a con- 
siderable slip. For a motor which is being newly 
laid out, the two reactances can be separately estimated 
by the designer. ; 

From the no-load readings of the machine the pro- 
portional dividers shown in Fig. 7 can be set for the 
proper angle a, as is explained above. It is more 
nearly correct to allow in the angle a only for the 
primary core loss, and to subtract the friction and 
windage losses from the total output computed from 
eq. (6). The magnetizing current at no-load is known, 
and £, is practically equal to H;. Therefore, by open- 
ing the dividers (Fig. 7) to the length of the applied 
voltage, the position of point d can be ascertained. 

The device has now been completely adjusted for a 
motor of given constants, and can be set for any de- 
sired current or slip by moving the knob, a in the 
slot Y Y. At any position of the knob, all or some 
of the following readings can be taken, depending 
upon the purpose in view: 

*Primary current, a b. 

Primary impedance drop, 0 c. 

Voltage EF, corresponding to the air-gap flux, e b. 

*Secondary current, a d. 

Secondary reactive drop, e f. 

*Secondary ohmic drop, f f’. 

Secondary impedance drop, e f’. 

- Exciting current, d b. 

Magnetizing component of the exciting current, 
projection of db on eb. 

Core loss component of the exciting current, distance 
of d from e b. 

*The energy component of the secondary voltage, f b. 

*Angle between J; and EF. 

Projections of EF, on X X and Y Y. 

Projections of J, on X X and Y Y. 

Any other angles between vectors that may be of 
interest. 

For obtaining the usual performance characteristics 
of the machine, only the quantities marked with an * 
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need be measured. From these quantities the follow- 
ing results can be computed: 

Volt-ampere input 

Power input 

Primary power factor 

Slip, eq. (5) 

Secondary output, eq. (6) 

Torque, eq. (8) 

Separate losses 

Efficiency. 

If the angle a (Fig. 7) has been set to account only 
for the core loss, then the expressions for the output 
and the torque include the friction and windage which 
must be subtracted if net values are desired. 


Fig. 9—SIGHTING GONIOMETER 


The phase angle between EL’; and J; may be measured 
directly with the sighting goniometer shown in Fig. 9; 
or else a protractor may be used for determining the 
angles which each of these vectors forms with one of 
the axes of coordinates. The phase angle may also 
be computed from the measured projections of IJ, and 
E, upon the axes X X and Y Y. In any case it must 
be borne in mind that in the Indumor the angle be- 
tween these two vectors is complementary to the actual 
phase angle (compare Figs. 3 and 4). 

In order to compute the phase angle from the pro- 
jections of the vectors it is necessary to assume some 
positive directions of the axes. Let, for example, 
in Figs. 4 and 8 the X-direction be positive to the 
reader’s right and the Y-direction be positive upward. 
Let the projections of the current vector, J;, on these 
two axes be 7 and 7’ respectively, and those of Hi, in 
its true position (Fig. 3), be e and e’. Let the actually 
measured projections of the E; bar in the Indumor be 
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E, and E,. We 


degrees, 


then have, by advancing EF, by 90 
e=-HE, 
(9) 
e = E, 
¢, is computed from the familiar 
_(e’/e) — (0/0) 
1 + (e’/e) (0’/2) 


See for example the author’s “Electric Circuit,” p. 91, 
eq. (144). The positive and negative signs of the pro- 
jections must be carefully observed. 

The power input can be computed either from the 
expression #, J, cos ¢;, or from the same projections 
of the vectors, using the formula 

P,=eri+e'2' 
(2bid., eq. 143). 
INDUMOR IN THE GENERATOR RANGE 


The operation of an induction motor as a generator 
may be characterized in the equivalent diagram (Fig. 2) 
by the phase reversal of the secondary current I». 
Therefore, a continuous transition from motor to gener- 
ator would be possible in the Indumor if the knob a 
(Fig. 8) could be pushed upward beyond the groove 
X X. The proportional dividers would not allow such 
a motion, and therefore the generator range has to 
be obtained with a below the X X line. This is 
done by simply considering the actual Indumor as an 
image of a fictitious one, X X being the reflection line 
taken as a plane mirror. 

Let, in Fig. 4, a point, say a’, be selected on the Y Y 
axis above the X X axis, and let a complete vector 
diagram of currents and voltages be drawn, following 
exactly the method used for the point a below the X X 
axis. The new diagram will givean operating condition 
of the machine working as a generator. Let now an 
image of the new diagram be drawn below the X X 
axis, as if this axis were a plane mirror. Comparing 
this image diagram with one actually shown in Fig. 4 
for the motor range, it will be found that the two differ 
from each other only in the direction of the vectors of 
primary and secondary ohmic drop, J,7r; and J2 fe. 
The vectors of ohmic drop in the generator ‘image’ 
diagram are drawn in the opposite directions from those 
in the motor diagram. 

This relationship gives a simple method of using the 
Indumor for the generator range. - It is only necessary 
to set the two protractors in Fig. 5 for a negative 
angle @,, and to turn the triangle ey z (Fig. 8) about 
ey so as to get a point f’ to the left of f; this will give 
a negative slip. 

A watch placed horizontally in front of a vertical 
mirror seems to run counter-clockwise when observed 
in the mirror. Similarly, a counter-clockwise vector 
diagram of the generator, when reversed into its image, 
becomes a clockwise diagram. This fact must be 
kept in mind in the interpretation of the results when 
operating the Indumor as an image of the real diagram. 


The phase angle 
formula 


tan ¢; = (10) 


(11) 
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IMPROVEMENT OF POWER FACTOR AND SPEED CONTROL 


In Fig. 2, to the right, a separate sketch (a) shows the 
equivalent secondary circuit of an induction motor to 
which an external alternating e.m.f., E3, has been 
added. It is well known that the magnitude and the 
phase angle of this external e. m. f. may be so chosen 
as either to change the speed of the motor or to improve 
its power factor, or both. This usually requires either 
an additional commutator machine or a conversion 
of the induction motor itself into a polyphase com- 
mutator motor. 

Fig. 10 shows a corresponding adaptation of the 
Indumor to a polyphase machine in which an external 
e.m.f., H3, has been added to the secondary circuit. 
The lettering is the same as on the left-hand side of Fig. 8. 


Fie. 10 


The added e. m. f., H3, is represented by the vector ee’. 
The extremity of the vector E, and of the proportional 
dividers for Ey are transferred from e to e’. Otherwise 
the device remains the same. Electrically this means 
that the voltage Hy is now balanced by the geometric 
sum of J, (R + rz), I: %2, and E3. 

In Fig. 8 the primary current, J,, lags by a considerable 
angle behind #,, when the latter is turned by 90 deg. 
forward into its real position. In Fig. 10 the bar EF, 
has been turned back sufficiently to bring the true 
vector E, almost into phase coincidence with J,, thus 
raising the power factor of the machine almost to unity. 
By taking EF; in the direction of the X X axis the speed 
of the induction machine may be varied economically 
within wide limits. 

The additional linkage ee’ has to be connected to 
the rest of the device in accordance with the nature of 
the external e.m.f. E;. For example, if this e. m. f. is 
constant in magnitude and forms a constant phase 
angle with H,, then ee’ is simply another bar rigidly 
connected at a certain angle to the bar E;. This is 
the case in a shunt-excited polyphase commutator 
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motor, EH’; being the voltage applied to the stator and FE, 
that applied to the armature brushes. We thus obtain 
a new kinematic device which may be called the 
Shucomor (an abbreviation of the words “shunt com- 
mutator motor’’). 

When a series-wound polyphase commutator motor 
is connected in series with the rotor windings of an 
induction motor, as is sometimes the case, the e. m. f., 
E;, of this motor is proportional to the secondary 
current 7, and the phase angle between the vectors EF, 
and I, is constant. In this case H; can be represented 
on the Indumor in the same manner as I, x or J; 23. 
The secondary proportional dividers must be provided 
with two protractors, like the primary dividers, and 
I,%, and E; combined into one vector whose length 
is determined by the opening of the dividers which 
give I». 

The author hopes to eeport later more in detail 
upon these additional possibilities of the Indumor 
in the study of polyphase commutator motors. As a 
matter of fact, he started to develop a ‘‘Shucomor,”’ 
and the Indumor came out as a first attempt in this 
direction. 

An interesting computing device has been described 
by Prof. R. G. Warner in an article entitled ‘‘Induction 
Motor Nomogram,” in the A. I. E. E. JOURNAL for 
October 1921 (Vol. 40, p. 808). The device is based 
on the simple circle diagram and gives directly the 
numerical data for performance characteristics of three- 
phase 60-cycle induction motors. It is hoped that 
engineers interested in induction motor characteristics 
will investigate the relative advantages and disad- 
vantages of the Nomogram and the Indumor, and will 
find out by actual experience the particular field of 
usefulness of each. 

The development of the Indumor has been made 
possible through the generosity of Mr. August Heck- 
scher of New York City, who gave to Cornell University 
a special fund the income from which is used for the 
promotion .of research. To him the author’s’sincere 
gratitude is due. The device has been in a preliminary 
stage of development for some years previous to the 
grants from the Heckscher Foundation, and several of 
the author’s students as well as the mechanicians 
of the College of Engineering have contributed gen- 
erously of their ideas. The author wishes to express 
his appreciation to them all. 


Discussion 


Lawrence E. Widmark: We have lately been presented 
with two mechanical devices to replace the Behrend-Heyland 
Cirele Diagram, one from Cornell University and the other 
one from Yale, and I would like to say a few words in defence 
of the old diagram. 


We all know that the chief trouble with this diagram has been 


that where high precision is most desired the lowest one is ob- 
tained, depending on ‘‘that little lower left hand corner,’”’ you 
know, where the characteristics of the ordinary running condi- 
tions are to be found. Now, seeing the Yale device this 
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thought suggested itself: ‘‘Have we to go to all that trouble to 
overcome these difficulties?’’ Well, at the Star Electric Motor 
Co. we have had in successful operation an arrangement of the 
diagram which I think meets requirements. 

As a matter of fact, the Behrend-Heyland diagram employs 
a circle of varying size for every separate ease which circle is 
fitted into a fixed coordinate system. We have reversed this 
procedure and are using a fixed circle and a variable coordinate 
system, varying with the impedance. This arrangement makes 
possible the ‘‘standardized diagram sheet’’ which I am showing 
here. The purpose of the larger circle is to give an enlarged 
view of the ordinary load conditions and the smaller one to get 
the maximum load and torque values in a seale just sufficient 
to give the desired information. 

As an extra advantage of this diagram I have found interesting 
possibilities in respect to motor design in general which I think 
measure up to those promised by Prof. Karapetoff’s machine. 
Besides this, the new. diagram facilitates corrections for primary 
drop and saturation. 

Prof. Karapetoff in his device also is able to take care of the 
primary drop. Neglecting saturation is, however, more 
questionable as I think that most of us motor designers 
would in a short time be out of business if we did not pay due 
respect to this condition. 


a Sg 


bla cea | 
H. M. Hobart: I do not think that the time-saving element 
in Prof. Karapetoft’s device is its principal advantage. I believe 
that its use should lead to obtaining better designs. Many 
years ago designers felt that they had reached the ultimate 
best design, or had come pretty near to it. But succeeding 
years have always brought forth cheaper or better designs; 
usually designs which were both cheaper and better. This 
process continues, and the limit does not appear to be in sight. 
I believe that the progress toward the limit is slow largely be- 
cause of the labor of preparing and comparing enough alterna- 
tive designs to clear our minds on the subject. One who is 
designing an induction motor, for a certain rating works through 
half a dozen designs for comparison. By that time he has 
expended so much time and labor that he is tempted to conclude 
that the best design he has been enabled to arrive at by that 
amount of calculating must be about the right one to build. 
But by these new methods of Prof. Karapetoff, you can go far 
more extensively into the subject. You can study a much 
greater range of combinations and you can introduce a great 
many modifications and much moze clearly guide your mind 
than when you are all tired out through laborious step by step 
calculations. You can much more intelligently take into ac- 
count the relative influences of the many variables and limita- 
tions that are involved. 

It is for these reasons that I have not the least doubt that with 
the introduction of these mechanical methods, the chief ad- 
vantage will not be the saving in labor, but the more rapid 
evolution toward both cheaper and better designs. I see in the 
room an engineer who some six or more years ago showed me some 
mechanical machinery he was getting up for designing trans- 
formers, and I, at that time, was exceedingly enthusiastic for 
this very same reason, namely, not so much that it would save 
a great deal of time in calculations, but that it would lead more 
quickly to better and cheaper designs for a given rating. That 
engineer found that he did not have time enough to give to this, 
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as it was a sort of side interest with him, but he had already at 
that time carried his machine to an encouraging stage of com- 
pletion. I see another engineer here who, together with his 
colleagues has done a great amount of such work, in connection 
with electro-mechanical methods of calculating transmission 
lines. 

I mention this as suggesting, perhaps, that we are at the 
beginning of an era of solving many complicated problems by 
mechanical methods, and I want again to emphasize that the 
most important object in these methods, in my opinion,— 
although it is important to save time,—is the obtaining of much 
better results, better economies and better characteristics of the 
machines. 

P. Trombetta: I recognize with great respect Professor 
Karapetoft’s very ingenious device. Unfortunately, however, 
it is not as easy as it might seem to change one constant of a 
motor without changing all the rest and this is due to the fact 
that the distribution of magnetism can not be restricted to any 
given circuit in a similar way that we can restrict the flow of elec- 
tricity, and to the additional fact that the permeability of ironis 
not constant. Therefore, when Prof. Karapetoff states that if he 
wishes to change the characteristics of a motor, all that is 
necessary is to change the length of the particular lever which 
represents that particular constant which we wish to alter, he 
forgets the fact that by varying that constant all the rest of the 


constants are automatically changed. For instance, suppose. 


it is desired to change the internal resistance of a motor, it is 
found that both the dimensions and configuration of the tooth 
and slot are altered with the resistance, which alterations give 
rise to changes in leakage reactance, magnetizing current, power 
factor, heating and so on, which may in turn make it necessary 
to vary the pole pitch, the diameter, the axial length of the cores 
and the new characteristics obtained by the indumor would 
therefore be meaningless. 


On the other hand, in ease of the calculations of line constants, 
in which the magnetism around the line conductor flows only 
through air, the permeability of which is constant, this apparatus 
may prove to be of great value. 


V. Karapetoff: Mr. Widmark has apparently developed an 
improvement in the cirele diagram, and I am the first one to 
welcome it, because I fully appreciate the wonderful usefulness 
of the circle diagram. I am offering a new computing device, 
not to supplant anything that exists, but merely something that 
might in some eases be also useful. 


In connection with the circle diagram, I want to say that 
recently we have done at Cornell University something that may 
also add a new lease of life to this useful method, the circle dia- 
gram; namely, we have found an easy method of determining 
additional points on the cirele diagram. In a large motor, the 
center of the circle lies at the same height above the axis of 
abseissas as the no-load loss line, but in the ease of a machine 
with an excessive primary loss, the center of the circle lies in a 
different position. For such machines it is desirable to deter- 
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mine experimentally a third point on the cirele, in addition to 
the no-load and the short-circuit points. We have found that 
it is very easy to determine the point of maximum power factor. 
We connect a power-factor meter in the motor circuit, and let 
the motor run up to speed at no-load, or else we load it until it 
stops. An observer follows the pointer of the power-factor 
meter, with a pencil, and when the pointer commences to go 
in the opposite direction, he leaves the pencil at that point. 
This gives him the maximum power factor, and a tangent to the 
eirele. Therefore the circle can be drawn much more 
definitely. 

I am glad that Mr. Widmark brought up the question of 
saturation. We have been lately working on a similar device 
(named the Blondelion) to imitate the performance of the syn- 
chronous machine, both the generator and the motor. In a 
synehronous machine it is, of course, necessary to have the 
saturation in the magnetic circuit properly taken into account. 
I am happy to say that we have solved this problem, com- 
pletely so that almost any saturation curve can be imitated 
with that device. For highly saturated induction machines this 
additional linkage may be incorporated in the Indumor. 

Now as to whether or not transmission lines could be treated 
in the same way: We have a device practically completed whieh 
imitates perfectly the performance of a long transmission line 
with distributed constants. We have named this device the 
Heavisider, after our honorary member, Oliver Heaviside. 
The problem is not as difficult as it may seem, and it is possible 
to represent kinematically the regular performance of a long 
transmission line without complex quantities or hyperbolic 
functions. The problem that interests me now is to develop a 
device which would represent transient phenomena on a trans- 
mission line, and not established conditions. 

In conclusion I wish to point out the existence of certain useful 
analogies in different branches of natural science, analogies which 
help in the solution of certain problems. For example, take a 
direet-current network with known-resistances and voltages, 
and with unknown currents. To determine the unknown cur- 
rents, we have to write down and to solve a system of linear 
algebraic equations. Now reverse the problem,—let in a prob- 
lem (which may not be an engineering problem at all, agriculture, 
finance, or what not) a system of simultaneous equations be 
given. You can connect an ‘electrical network in which the 
constants of the problem will be represented by given resistances 
and e.m.fs., then you can insert an ammeter in each branch 
and read the currents. You have thus solved electrically a prob- 
lem which has nothing to do with electricity. 

The other day a client wanted me to solve for him a problem 
in mechanical oscillations. I looked at the differential equations 
and I saw at once that an electrical system could be built which 
would be expressed by similar equations. I told him that we 
could build for him an electric system, insert a galvanometer, 
follow the oscillations of the galvanometer needle, and that such 
a device would give him the desired information about the mode 
of oscillation of his entirely different mechanical system. 
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Skin Effeet and Proximity Effect in Tubular Conductors 
BY HERBERT BRISTOL DWIGHT 
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The effective a-c. resistance of tubular conductors is required to be predetermined by designers, for radio instal- 


lations, for large. underground cables with non-magnetic cores, and for electric furnace circuits. 


Tay: 


For the above purpose, sets of curves are given in this paper. 


(See Examples I to 


The skin effect ratio for isolated tubes is shown in Fig. 


1. For stranded conductors, the resistance must be multiplied also by a ratio for the spirality effect, as is approximately 


indicated in Fig. 2. 


When the return conductor is near, a ratio for the proximity effect, as indicated in Fig. 3, is also 


to be used. A calculation for the proximity effect ratio for thin tubes is made, and the results are compared with tests 


in Fig. 3. 


Some of the requirements for future research work on skin effect are discussed. 
The conclusion is expressed that it seems scarcely worth while providing a non-magnetic core with a 2,000,000 
cir. mil, 25-cycle cable in order to reduce the skin effect, but with the other cases considered, the tubular form seems very 


advantageous. 


HE effective resistance of tubular conductors 
to alternating current is desirable to know in 
at least three classes of work in electrical engi- 

neering: Namely in radio work, where small currents 
are to be carried at high frequencies; in the design of 
large 60-cycle single-conductor underground cables 
with non-magnetic cores; and in the design of electric 
furnace circuits where currents of the order of 30,000 
or 50,000 amperes at 25 and 60 cycles are to be carried. 
In all of these cases, tubular conductors of convenient 
shape may be designed, whose effective a-c. resistance 
will be not much greater than their d-c. resistance, 
while, if thetubular form were not adopted, the a-ec. 
resistance would be from 30 to 200 per cent, or more, 
greater than the d-c. resistance. The large saving of 
copper by this device is obvious. However, the sav- 
ing does not seem worth while for 2,000,000-cir. mil, 
25-cycle cables. 

In this paper, curves are given by which one can 
estimate the a-c. resistance of tubular conductors of 
various kinds. The skin effect ratio for isolated tubes 
is shown in Fig. 1. For stranded conductors, the 
resistance must be multiplied by an additional ratio 
for the spirality effect, as is approximately indicated 
in Fig. 2. When the return conductor is near, a ratio 
for the proximity effect as indicated in Fig. 3, is also to 
be used. A calculation for the proximity effect in 
thin tubes is given, and the results are compared with 
tests. 

It is noteworthy that the curves and formulas given 
in this paper are not based directly on the frequency, 
size of conductor or specific resistance, but only on the 
ratio of f to Rz. where f is the frequency and R4. is 
the d-c. resistance in ohms per 1000 feet of the complete 
conductor. Thus, skin effect ratios measured at 
100,000 cycles are applicable to large 60-cycle con- 
ductors when their proportionate shape is the same, 
and the proportionate shape and position of the return 
conductors are the same. This principle was stated by 
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the writer in a previous A. I. E. E. paper,! and a mathe- 
matical proof of it was given by J. Slepian in a discus- 
sion of the same paper! on page 1401. 

The principle may be stated as follows: A conductor, 
or a combination of conductors, of a certain propor- 


f 


Py will have a 


tionate shape and a certain value of 


ac 


Ea . 


ductors and single-phase and polyphase circuits. 
If this principle of similitude is adopted by those 
making skin effect tests, they will plot their test results 


definite value of This is true of isolated con- 


is Fs by yt coe 
on a base of Ra or x e instead of on a base of f 


as has been usually done. If the principle is adopted 
by designers who require to know skin effect values, 
they will make use of tests made on any size of con- 
ductors and at any frequency, and will correct them 
mathematically according to the principle of similitude, 
having confidence that the results so obtained will 
apply to their particular case. 

For the particular case of proximity effect in two 
tubular conductors forming a return circuit (See Fig. 3) 


the resistance ratio depends on the ratios é E a 
and —. When these ratios have been determined, 


the proximity effect ratio is fixed. 

The principle is in agreement with the various 
ealeulated formulas for skin effect and proximity 
effect whether for wires, tubes or straps and whether 
isolated or in close proximity. In fact, the principle 
seems almost obvious to one calculating a skin effect 
formula, for the first step is often to calculate the volt- 
age drop due to resistance and reactance at any point 
of the cross-section of the conductor. On equating 


1 “Skin Effect in Tubular and Flat Conductors,” by H. B. 
Dwight, Trans. A. I. E. E., 1918, page 1398. 
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this to a constant, one finds that the distribution of 
current over the cross-section of the conductor depends 
on the ratio f/Rz.. This is the basis of Mr. Slepian’s 
general mathematical proof referred to above. 

The writer has not seen any reliable test results of 
skin effect which tend to throw doubt on the above 
principle. In all tests published, the skin effect of 


Fie. 1—Sxin Errect in Isouarep Tuses AnD WIRES 
Rdec in ohms per 1000 feet. 


round, non-magnetic isolated wires has been found to 
agree with the standard Bessel function formula within 
the limits of the errors of observation. Most experi- 
menters have first checked up the accuracy of their 
measuring apparatus by making this standard 
test, and this seems a logical and even necessary thing 
to do, for skin effect ratios are admittedly difficult to 
measure precisely. The measurements which, judged 
by this standard test, appear to be made the most 
accurately, show the closest agreement with the prin- 
ciple stated above. This applies also to the effect 
of the spirality of stranded conductors, which is, of 
course, only one feature of the shape of the conductors. 
It may be stated that the published tests made at 60 
cycles do not show the same evidence of good accuracy 
as tests made at higher frequencies. 

The curves of Fig. 1 show the skin effect in isolated 
tubes and wires. The skin effect in wires is well-known 
and a very complete and accurate table has been pub- 
lished by the Bureau of Standards.2. The curves for 
skin effect in tubes are based on those published by the 
writer (see Dwight, loc. cit., Fig. 8). The curves for 
wires and tubes given in the present paper are plotted on 
V/f/Ra which makes them much more useful for 
practical purposes. This method of plotting makes the 


2. Scientifie Paper No. 169 of the Bureau of Standards, by E. 
B. Rosa and F, W. Grover, page 226. 
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curves independent of Seas conductivity aa 
temperature. The specific conductivity is difficult 
to measure precisely, as it depends on the small dimen- 
sions of the cross-section. On the other hand, the 
value of R.., the d-c. resistance per 1000 feet, is easy to 
measure precisely. The d-c. resistance of the con- 
ductor must be measured in every case in order to 
measure the ratio R’/R. The length of conductor 
whose resistance is taken is easily measured as it is 
several meters. This length and the d-c. resistance 
should always be stated when publishing skin effect 
tests. Thus, by plotting the curves on 1/f/Ra., 
they are made of almost universal application, being 
applicable to copper or aluminum, high or low conduc- 
tivity, high or low temperature, high or low frequency, 
large or small conductors and, except for spirality 
effect, solid or stranded conductors. 

The curves are plotted on »/ f/R.. instead of f/Rac 
because this makes the curves of Fig. 1 approach 
straight lines as asymptotes. This is indicated by the 
following formula, which is based on that derived by 
the writer, loc. cit., page 1403. 
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where q is the inside radius of the tube, r is the outside 
radius and ¢ is the thickness (See Dwight, loc. cit., page 
1403) and where R,;, is the d-c. resistance of one cm. 
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Fig. 2—Sprrauiry Errect Ratio IN SEVEN-WIRE Gxeias 


p = pitch of spirals. 
d = diameter of cable. 
Rdc in ohms per 1000 feet. 


of the conductor in absohms. Note that Ra, = 32,800 
<R.,in ohms per 1000 feet. Equation (1) is applicable 
for large values of \/f/R., and it may be used to give 
approximate values of R’/R for parts of the curves 
beyond the range of Fig. 1. While Fig. 1 has been 
drawn up to cover as broad a range as possible, yet there 
are cases in which the value of t/d is extremely small, 
where it may be more convenient to use the curves 
of the writer’s previous paper, loc. cit., Fig. 3. 
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SPIRALITY EFFECT 


As previously mentioned, the stranding of a con- 
ductor and the spiraling of the strands are features 
of the shape of the conductors. Therefore, a curve 


plotted on ./f/Rz, will show the effect of stranding and 
spiraling for a certain proportionate shape. Accurate 
tests have been published for seven-wire cables with 
both long and short pitch of spiraling’ and the results 
are shown in Fig. 2. A test on a larger seven-wire 
cable made up to. 5000 cycles‘ shows similar results. 
It is seen that even when the spiraling has a very 
short proportionate pitch, as in the case of the curve 
p/d = 8, only a small per cent is added to the a-c. 
resistance of an unspiraled or solid conductor of the 
same cross-section, for the range covered by the tests. 

It has been shown by very accurate measurements 
(Kennelly and Affel, loc. cit., Fig. 10 and page 586) that 
the mere fact of dividing a conductor into parallel un- 
spiraled strands touching one another does not increase 
the a-c. resistance appreciably. The increases shown in 
Fig. 2 are evidently due to the angle of spiraling and are 


Fig. 3—Proximity Errect Ratio In TuBEs 


Rdc in ohms per 1000 feet. 

1 syd Op t/d = 0 (calculation). 
LILA s/d =1,008, t/d = 0.125 (test). 
LIS S/di= 1.5, t/d = 0 (calculation). 
EVs) a — 2.0; t/d = 0 (calculation). 
Vv. s/@ = 2.08; t/d = 0.125 (test). 


approximately inversely proportional to the pitch of the 
spiral. From the above it appears that Fig. 2 can be 
used to some extent at least for approximate results 
with cables of more than seven wires, and with 
stranded conductors with non-magnetic cores, that 
is, with stranded, tubular conductors. 

The increase due to spirality is only a small fraction 
of the usual increase due to skin effect in a solid con- 
ductor, and it is, therefore, even more difficult to 
measure with precision. When tests at 500 cycles 


3. A. E. Kennelly and H. A. Affel, Proceedings of the Institute 
of Radio Engineers, May, 1916. Fig. 17. 

4. A. E. Kennelly, F. A. Laws and P.H. Pierce, TRANSACTIONS 
A. I. E. E., 1915, page 1970, Table VI. 

5. W. I. Middleton and E. W. Davis, Journat of the A.I.K.E., 
Sept., 1921, page 760, Table VII. 


DWIGHT: TUBULAR CONDUCTORS 


19] 


show a ratio due to skin effect plus spirality effect of 
1.07 to 1.1 for a seven-wire cable of 0.0457 ohm per 
1000 ft.,° and when it is known that this cable, if 
unspiraled, would have a calculated skin effect ratio 
of 1.284, the low test value can be ascribed only to an 
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Fie. 4—Proximity Errrcr Ratio 1n 
Rdc in ohms per 1000 feet. 
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error in measurement. The possibility that there are 
errors in measurement in the low-frequency tests referred 
to is also indicated by the fact that measurements of 
the same a-c. resistance sometimes differ by as muchas 
8 per cent (See Table IX, Middleton and Davis, loc. cit., 
The conclusion stated by the authors that a seven-wire 
cable has much less skin effect than a cable of the same 
size in circular mils but with a larger number of smaller 
wires, and, in general, that copper cables with coarse 
strands have less skin effect than cables with fine 
strands, is quite untrustworthy. It is a generaliza- 
tion from a single test, and that test result is in direct 
contradiction to the proved accurate results of refer- 
ences 3 and 4. 


PROXIMITY EFFECT 


When conductors are comparatively close together, 
there is an increase in their a-c. resistance caused by 


Gasca fa 


Fig. 5—Cross-Section oF Return Circuit or THIn TUBES 


the distortion of current due to their proximity. The 
proximity effect ratio may be defined as the ratio of 
the a-c. resistance when the conductors are near each 
other, to their a-c. resistance when they are isolated. 
So far as the writer is aware, only two or three tests 
have been published which show the proximity effect 
in tubular conductors. In the following paragraphs, 
mathematical formulas are developed for the proximity 
effect ratio of two extremely thin tubes forming a 
return circuit. The calculated results are plotted in 
Fig. 3, together with test results. The curves in Fig. 
4, which are somewhat similar, show the proximity 
effect ratio in wires. From the above data, an approxi- 
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mate estimate can be made of the proximity effect ratio 
in tubular conductors in a given case. 

As in the calculation of the formulas.developed by 
the writer forskin effectin tubes and thin straps (Dwight, 
loc. cit., pages 13880 and 13892), a uniform current 
density over the section will first be assumed, and then 
successive increments of voltage drop and current will 
be calculated to agree with the actual condition that the 
voltage drop is uniform over the section. 

The calculation applies to the case in which the 
ratio of the thickness of the tube to its diameter is very 
small. In such a case, the change in current density 
from the inner surface to the outer surface is inappreci- 
able compared with the changes in current density in 
different parts of the tube, due to the proximity of the 
return conductor. 

The reactive drop at the point P, Fig. 5, due to a 
uniform current density b) absamperes per sq. cm. in 
both tubes, is equal to 


cos 2 6 


s a a? 
w4m boat | logh ae 1 = C8 OF + 2 
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ae 
+ gy cos8 Ot . Sie 
abvolts per em. (3) 
where w= 27f (4) 
f = frequency in cycles per second (5) 
and t = thickness of the tube. (6) 


The reactive drop at P due to a current density 
c, cos n 6 absamperes per sq. cm. in both tubes is 


fee cos n 6 a” Worth 
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abvolts per cm. (7) 
where n is not equal to zero, p is the specific resistivity 


of the conductor material in absohms per cm.*, (8) 
ee 27rat ar a 
and l sti” leis Baile ele (9) 


R being in absohms per cm. The angle 6 is measured 
from the line joining the centers of the tubes. 

Expressions (3) and (7) are derived in a manner 
similar to that used by H. L. Curtis® in calculating the 
proximity effect between wires for values of +/f/Ra 
up to 140 (R., in ohms per 1000 ft.) 

Assume that a current of uniform density, by abs- 
amperes per sq. cm., flows in the tubes. The reactive 
drop at any angle @ is given by (3), and the total current 
is 27atb) absamperes. Now assume a current of 
density b; whose resistance drop is equal and opposite 


6. Scientific Paper No. 374 of the Bureau of Standards, 
Washington, D. C., 1920, by H. L. Curtis. 
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to the terms in @ of (3). The reactive drop at any 
angle @ due to 6; is obtained by applying equation (7) 
to the various terms in the expression for 6}. Numerical 
values of the coefficients for the Fourier series in 
cos 8, cos 2 6 etc., may be written down for a given 
value of s/a. Thus, when s/d = 2(d = 2a), the 
reactive drop at angle 6 due to }, is 


(j P)2 2 bo p fe 0.06350 + 0.23887 cos 6 
+ 0.01152 cos 2 6 + 0.00069 cos 3 8 
— 0.00002 cos46— “4 


abvolts per em. (10) 
The term independent of @ in formula (10) is 
(7 2)? 2 by p (— 0.06350) 
which is obtained from the series 


: a 
Gt 2by p | Sara 


(10a) 


This series is applicable for any value of s/a, 
and when s/a = 4 (s/d = 2) it gives 

+ 142 bo p X 0.063504 

=O; pie Onrai0l 
as in the second term of equation (13). 

Since 6, contains only terms in cos 6, cos 2 8, ete., 
the total current due to b; is zero, as is shown by the 
integral 

2a 
f cosn 6d 0 = 0 (11) 
0 

The process is continued by calculating the currents 
by, b; ete. The series for I Z’ will be composed of the 
terms independent of @ in the various expressions 
similar to (10). 


Now IR =2atb—5" 


= bop (12) 
By dividing this into the series for J Z’, we obtain the 
series for 
Ris. j xX’ 
ere ge ePre are 
The real terms give a series for R’/R. 
Thus, when s/d = 2, 
R’/R = 1+ 0.12701 l4 — 0.10965 1 + 0.09599 12 
— 0.08435 /'* + 0.0742 12° — 0.0653 14 
Scale hae (13) 
When s/d = 1.5 
R’'/R = 1 + 0.22872 l4 — 0.17887 18 + 0.13619 7” 
— 0.10804 /'§ + 0.0860 12° — 0.0684 14 


Se Fee k (14) 
When s/d = 1 
R’/R = 1 + 0.58530 l4 — 0.25686 1§ + 0.15408 /* 
— 0.0961 11* + 0.0604 2° — 0.0381 [4 
“Pe * (15) 
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Now, from equation (9), 

l= V/f/RV20 (16) 
when F# is measured in absolute units. The principle 
that the value of skin effect depends on the value of 
f/R is self-evident for this type of circuit. 

Equations (13) to (15) can be evaluated for values 
of J less than 1, that is, for values of ./f/R.. less than 
about 72 (R.,. in ohms per 1000 ft.). Note that in this 
calculation the a-c. resistance when the tubes are 
isolated is the same as the d-c. resistance, since the 
tubes are assumed to be very thin. 

Curves I, III and IV calculated as above for s/d 
= 1, 1.5 and 2 are plotted in Fig. 3 and are shown in 
comparison with test curves II and V, the data for 
which are given in Table VIII, of the paper by Kennelly, 
Laws and Pierce, loc. cit. 

The curves for the proximity effect of wires (defined 
as f’/Risolatea) are not very different from those for 
tubes, when they are plotted on ./f/R... InFig.4are 
plotted test curves described in Table V, Kennelly, 
Laws and Pierce, loc. cit., (s/d = 1.08, 1.68, 6.5 and 
18), Table VI, Curtis, loc. cit., (s/d = 1.06, 1.27, 2.03 
and 3.0) and a calculated curve fors/d = 2.0 published 
- by J..R. Carson.’ 

These curves should be of some use in estimating the 
proximity effect in tubes, especially when the tubes 
are thick. 

From the above it appears that there is opportunity 
for very useful measurements to. be made of skin 
effect, spirality effect and proximity effect of tubular 
conductors as well as other types of conductors. The 
electrical engineering profession is much indebted to 
those who have made the tests so far published. These 
investigators have for the most part done their work so 
accurately that future tests, in order to add to our 
knowledge of the subject, must be made with very great 
precision and accuracy. Test results should not be 
presented as isolated results for certain sizes of con- 
ductor only, but they should be presented as general 
curves, applicable to all frequencies and all sizes of 
conductors or cireuits of the specified shape. If there 
is any doubt in the minds of the investigators as to the 
propriety of doing this, they should remove such doubt 
by making a series of tests to check up the matter. 

In this connection, it is necessary to point out that 
the “penetration formula” advocated by Middleton 
and Davis, loc. cit., isa formula which had been origi- 
nally calculated and intended for very high frequencies, 
and it is inaccurate and liable to give rise to misleading 
results if used for large conductors at 60 cycles. This 
can be shown by plotting the results of the penetration 
formula alongside of the curve for solid wire in Fig. 1. 

In deriving the penetration formula for solid wire, 
one starts with the high-frequency, asymptotic formula 
(1) of this paper, first making it applicable to solid 

7. “Wave Propagation over Parallel Wires: The Proximity 
Effect,” by J. R. Carson, Philosophical Magazine, April, 1921, 
page 632. 
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wires by putting t = r and g = 0. Next, discard all 
the terms of the series in the bracket except the first 
two, thus obtaining the equation of the straight line 
which is the asymptote to the curve of R’/R. This 
involves considerable error at low frequencies, where 
the curve of R’/R departs from a straight line, as is 
seen in Fig. 1. But there is another error, or approxi- 
mation, still in the penetration formula. If R’ is 
equal to the d-c. resistance of a tube of outer radius r 
and thickness ft, 


2t 
r 


R/Ri = 2h 5 (15) 
In order to compare this with (1), the reciprocal of 
(1) is expanded by the binomial theorem, assuming that 


mr is large, and the series is written 


“inet ee gh 
mr /2- 


The combined effect of the two approximations is 
found by plotting the results on Fig. 1. Besides 
giving actual errors for solid wires, the penetration 
formula as used by Middleton and Davis, loc. cit., 
(formula B), has the following disadvantages: 

In using the constant 0.00384 for cables, it is assumed 
that the specific resistance of a mixture of copper and 
air such as the cable, is the same as the specific resistance 
of solid copper, but this is not the case. (This 
assumption is made also in Table IJ, Middleton 
and Davis, loc. cit.) By specifying the single con- 
stant 0.00384 for copper, no allowance is made for 
copper of low conductivity, or for changes in tem- 
perature, and these items are of considerable im- 
portance. By. taking the penetration from the 
center line of the outside wires, an arbitrary assump- 
tion is made in order to make a few readings more 
consistent. The impression is given that the penetra- 
tion formula can be used to determine the skin effect 
ratio of tubes, which is not at all correct. 

The curves of Fig. 1 overcome the above disad- 
vantages of the high-frequency penetration formula. 

A 2,000,000-cir. mil cable, whose increase in resist- 
ance due to skin effect is of the order of 30 per cent at 
60 cycles, is evidently worth while redesigning in 
order to reduce the skin effect. The increase in cost 
of manufacture and installation of the lead-covered 
cable due to the larger outside diameter when designed 
as a tube must be balanced against the decrease in 
cost due to less copper being required for the same a-c. 
resistance. In order to make such a comparison it is 
necessary to have a method of determining the skin 
effect in various designs of tubular conductors, and 
curves such as those of Fig. 1, together with curves to 
give a correction for spirality effect provide such a 
method. (See Example III.) 

Care should be taken not to allow a cable carrying 
a heavy current to approach any magnetic material 
when precise measurements of the resistance loss are 
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being taken. If the cable is near a steel beam, or 
possbily even a number of nails in a wooden floor on 
which the cable might be lying, an appreciable increase 
in the effective resistance could be caused. 

It is to be hoped that further precise tests of skin 
effect will be made, so that the curves required in 
designing can be made more accurate and more 
complete. 

EXAMPLE I 

Find the a-c. resistance at 60 cycles of a non-flexible 
lead for a 15,000-ampere resistance furnace. With 
certain types of furnace which have a long, narrow 
shape, it is necessary to construct such a lead 40 or 50 
feet long parallel to the furnace and about 6 feet away 
from it. The furnace is itself the return conductor, so 
that interlacing is impossible. 

First assume a round, solid conductor with average 
current density 1000 amperes per sq. in., that is, with 
15 sq. in. cross-section. 

R.z. = 0.00072 ohm per 1000 feet at 100 deg. cent. 
J/f/Ra = 288 and +/f/Ra. = 1.59 
R’/R =1.59/r +0.25 = 3.07 by formula (1). 
The proximity effect ratio is 1.03, since s/d = 16 
(See Fig. 4). 

Therefore, the a-c. resistance of the solid, round 
conductor is 0.0023 ohm per 1000 feet. The a-c. 
resistance of a bundle of cables is practically the same 
as that of the solid conductor. The a-c. resistance of 
any non-tubular form of conductor, such as a group of 
ventilated straps, is very much greater than the d-c. 
resistance and so it is worth while considering a tubular 
conductor, as in the following paragraph. 

Assume that the conductor is a tube of 12 inches 
diameter, made of copper sheet 0.35 inch thick. 
Section = 12.8 sq. in. 


Rae = 0.00084 ohm per 1000 feet at 100 deg. cent. 
t/d = 0.029 

Vf/Rac = 267 

Therefore, R’/R =1.05 from Fig. 1. 


Since s/d = 6, the proximity effect ratio will be of the 
order of 1.1. (See Fig. 3). : 

The a-c. resistance of the tube at 60 cycles is thus 
about 0.0010 ohm per 1000 feet. The tubular con- 
ductor is seen to have double the a-c. conductivity of the 
non-tubular form, although the weight is 15 per cent 
less. The weight could evidently be reduced still 
further. 

The large diameter of the tubular lead reduces the 
reactance and raises the power factor of the 60-cycle 
furnace load, which is sometimes desirable. If the 
heated air and the radiation from the furnace cause the 
lead to run too hot, the tubular shape is advantageous 
in that cool air from outdoors can be blown through it 
by a ventilating fan. 


EXAMPLE II 
To estimate the a-c. resistance of a flexible electric 
furnace lead for 30,000 amperes. . 
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First, if the lead is composed of a bundle of hare 
cables tied closely together, with the average current 
density in the copper equal to 1000 amperes per sq. in., 
the value of Rz. for the lead will be 0.00036 ohm per 
1000 feet at 100 deg. cent. This depends directly on 
the fact that the cross-section of the copper is 30 sq. in. 
At 60 cycles 

Vf/Ra = 408 and /f/Ru, = 2.25 

R'/R = 2.25 7 + 0.25 = 4.25 from formula (1). 
The spirality effect ratio will be comparatively small, 
being of the order of 1.2. The proximity effect ratio 
for a three-phase circuit will not be greatly different 
from that for a return circuit indicated in Fig. 4. This 
ratio will also be small, being of the order of 1.03 if 
the leads are 6 feet apart, s/d being about 10. 

The a-c. resistance of the lead is therefore approxi- 
mately 0.0019 ohm per 1000 feet. 

Second, if the lead is designed as a hollow, flexible 
cylinder composed of 70 cables of 400,000 cir. mils each, 
held apart by 20-inch circular spacers, the total section 
of copper is 22sq.in. Therefore, Rz. = 0.00050 and 


/f/Rac = 346 at 60 cycles and 100 deg. cent. 

The cylinder made. up of a single layer of cables is 
quite similar to a tube of thickness 0.72 inch or less so 
that t/d = 0.034. Therefore, from Fig. 1, R’/R 
= 1.20: The proximity effect ratio is about 1.2, as 
may be seen from Fig. 3, taking s/d = 3.4 Thespiral- 
ity effect ratio is of the order of 1.2 as for the more 
compact bundle of cables previously considered. 

The a-c. resistance of the flexible tubular lead is, 
therefore, approximately 0.00086 ohm per 1000 feet. 

It is seen therefore that the tubular lead, which has 
25 per cent less weight than the non-tubular form, has 
over twice as much a-c. conductivity. Since the 
tubular lead is very well ventilated, its weight could 
doubtless be cut down considerably. The exact dimen- 
sions used above are for an example only to show the 
method of estimating the a-c. resistance. 

The writer understands that this tubular form of 
flexible lead has been constructed and successfully 
used with electric furnaces and that it is sufficiently 
flexible for the purpose. A little calculation will show 
that its reactance is enough less to increase the power 
factor of the furnace load appreciably. An easy 
method such as the one here given of estimating the 
greatly increased conductivity of tubular leads com- 
pared with more usual designs should help make them 
be applied more frequently. 

EXAMPLE III 

To find the a-c. resistance at 60 cycles of a 2,000,000 
cir. mil cable both without and with a non-conducting 
core. R 


Rac = 0.0054 ohm per 1000 feet. 
Vf/Rie = 106 
R’'/R = 1.29 for the coreless cable, from Fig. 1. 


Therefore the a-c. resistance is 0.0069 ohm per 1000 
feet, neglecting spirality effect. 
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If a 2,000,000-cir. mil tubular cable be wound on a 
non-conducting core 1.125 inches in diameter, the 
outside diameter, d, of the copper will be approxi- 
mately 1.96 inches. : 

t = 0.417 inch and t/d = 0.213 
Asabove, 4/f/Ri. = 106 

and therefore, from Fig. 1, R’/R = 1.08. Thus the 
a-c. resistance is 0.0058 ohm per 1000 feet, neglecting 
spirality effect. 

The spirality effect ratio would be small for both the 
above cases since ./f/Rz. = 106 (See Fig. 2). 


Therefore, 


EXAMPLE IV 


To find the a-c. resistance at 25 cycles of a 2,000,000- 
cir. mil cable both without and with a non-conducting 
core. : 


Ra = 0.0054 ohm per 1000 feet. 
V/f/Rac — 68 
R’/R = 1.068 for the coreless cable, from Fig. 1. 


Diameter of copper = 1.67 inches. Assume that a 
return conductor is at a distance of 8 inches, center to 
center. Then s/d = 4.8 and the proximity effect ratio 
is about 1.010 (See Fig. 4). The spirality effect at 25 
cycles is practically negligible (See Fig. 2). 

Second, assume that a non-magnetic core of 0.625 
inch diameter be provided, as recommended in Table 
XV, Middleton and Davis, loc. cit., for a 2,000,000- 
cir. mil cable at 25 cycles. The diameter of the copper 
is increased to 1.78 inches and from this 


t/d = 0.324 
Vf/Rac = 68 and therefore, 


R’/R = 1.035 from Fig. 1. 

As before, the spirality effect is practically negligible. 
The proximity effect ratio, as given by Fig. 3, is about 
1.015. The slight increase in proximity effect is due 
to two reasons. First, the value of s/d has been 
decreased to 4.5 and, second, a comparison of Figs. 
3 and 4 shows that the curves for tubes are slightly 
higher than those for wire, as would be expected from 
the nature of the problem. 


Providing a non-magnetic core as above has there- 
fore decreased the a-c. resistance 2.8 per cent as regards 
Fig. 1, increased the a-c. resistance 0.5 per cent as 
regards Figs. 3 and 4, and increased the diameter of the 
copper 6.6 per cent, thus increasing the surface for 
heat radiation slightly. 


From these results, it does not seem to be worth while 
to put a non-magnetic core in a 2,000,000-cir. mil, 
25-cycle cable in order to reduce the skin effect, and 
still less worth while in a 1,500,000-cir. mil, 25-cycle 
cable as recommended in Table XV, Middleton and 
Davis, loc. cit. Theskin effect ratio of the latter cable, 
without a core is 1.03. 


Now 
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Discussion 


E. W. Davis: Many learned and excellent papers have been 
presented before this society and other physical or technical 
societies, on the subject of skin effect in conductors carrying 
alternating currents. These papers have not, however, been 
interpreted for the average engineer to understand. 


For radio frequencies and small sized conductors, theoretical 
formulas have been checked and it has been assumed that these 
formulas would apply to larger conductors at the lower power 
frequencies. 


Except in the paper of Mr. W. I. Middleton’s and the speaker’s 
the data of tests conducted on actual commercial power cables 
at the low frequencies of 25 and 60 cycles have not been pub- 
lished as far as the speaker has been able to determine. 

Tables furnished by manufacturers or put out by engineers of 
purchasing companies calling for rope Gores in power cables show 
a remarkably wide variation in the size of cores for the same 
working conditions. Each table is based on some theoretical 
mathematical formula that is probably quite as correct as the 
one worked out by Mr. Dwight. 


One of the simplest conceptions of skin effect and one that is 
quite universally used in elementary text books on electricity, 
is that of the depth of penetration of alternating current from the 
surface of a conductor. Most of us remember our high school 
or college instructors saying that an alternating current travels 
on the outside of a conductor. Alexander Gray in ‘‘Absolute 
Measurements in Electricity and Magnetism” gives a very 
interesting discussion of this conception of skin effect. 

The experimental work of Mr. Middleton and the speaker in 
1921 was done on commercial power cables at commercial fre- 
quencies, for the purpose of furnishing engineers with specific 
experimental information on the subject of skin effect in power 
cables. The work was done for a specific purpose, and that 
purpose was accomplished. The results published are quite 
trustworthy for the range of sizes tested and at some later date 
we hope to continue our tests on even larger sizes of conductors. 

The constant 0.00384 used, and to which Mr. Dwight takes 
exception, was checked for the copper used in the actual con- 
struction of the cables. 

We do not necessarily reeommend the rope cores given for the 
smaller sizes of conductors at 25 eyeles, but include them in our 
paper merely as an example of what these cores should be, if used. 

A. S. Dana: I wish to eall attention to some measure- 
ments which were made at the Massachusetts Institute of 
Technology in the year 1915, and which were determined to a 
considerable degree of accuracy under the guidance of Dr. A. E. 
Kennelly. The results on a 7-strand, 19- and a 37-strand are 
very different from those found by Middleton & Davis. The 
7-strand cable, as I understand it, in the Middleton & Davis? 
paper has a much smaller skin effect than a solid conductor 
cable of the same eross section. The mean value measured by 
Davis 1.089 at 500 cycles, but that of a solid wire of approxi- 
mately the same copper cross section is 1.293, or the skin effect 
Mr. Davis found on a 7-strand cable was about 20 per cent less 
than that of the equivalent solid wire. Mr. Dwight ascribed 
this large difference to an error in Mr. Davis’ measurements. 
At frequencies above 1250 cycles and 60-cm. spacing of the return 
conductor Mr. P. H. Pierce found the skin effect of 7-strand 
cable was greater than the solid. I think Mr. Pierce in a pub- 
lication? previous to 1915 was the first to note and publish this 
effect. Dr. Kennelly desired me to cheek these measurements 
on 7-strand, and solid wire in 1915. I found that the skin effect 
of a 7-strand conductor is greater than that of the solid conductor 
above a certain frequency depending on the spacing of the return 
conductor, and the paper by Kennelly & Affel® at radio fre- 
quencies proved the same conclusion, and the cause was ascribed 
to the spirality effect. The spirality effect was later taken up 
in more detail and Mr. Dwight has gone still further. 
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I think it is generally considered that by stranding a con- 
ductor the skin effect is reduced as the number of strands is 
inereased (providing the number of strands is greater than 7). 
On the 19-strand and 37-strand cables we found this to be the 
ease: the skin effect was less than in a solid conductor of the 
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Fig. 1—Errect or SrTRANDING ON SxkKIN-HFFECT 


Separation approximately 60 cm., No. 0000 B & S Copper Cable. The 
37-strand cable has smaller cross section than the others. Curve ‘'37 Strand 
Corrected”’ takes this into account. 


same cross section, and also the skin effect of the 37-strand was 
less than the 19-strand. I have obtained permission from the 
Institute to publish these results from 60 to 5000 cycles since 
I think that they may be of value to other people interested in 
this problem. They appear in Figs..1, 2, 3, 4, 5, 6. Each 
cable was measured in the form of a rectangle with three differ- 
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Fig. 2—Errecr or STRANDING ON SKIN-EFrecr 


Separation approximately 2.4cm. No. 0000 B & S Copper Cable. 
Temperature of Cable—Solid, 20.3 deg. cent.; 7-Strand, 15.6 deg. cent.; 
19-Strand 27 deg. cent.; 37-Strand, 29 deg. cent. 


ent spacings of the long sides. The effect of the return conductor 
was negligible at 60-em. spacing. 

Middleton & Davis, however, found just the opposite to be the 
case; 7. ¢€., the greater the number of strands at 500 cycles the 
greater the skin effect. It is not safe to draw general conclu- 
sions from these measurements since at higher frequencies where 
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more accurate results may be obtained, it is clear from the accom- 
panying curves in Fig. 1 that the skin effect grows less as the 
number of strands is increased (above 7). Mr. Dwight? cast 
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Fig. 3—Erriect or STRANDING ON SKIN-EFFEctT 
Separation approximately 0.9 cm., No. 0000 B & S Copper Cable 


0 1000 


doubt on all the Middleton-Davis measurements and their 
conclusions, for the measurements of the same skin effect varied 
by 8 per cent. Those made by Pierce and myself were repro- 
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Fie. 4—Sxin Errecr or 7-Srranp Coppmr CABLE, 
211,700 cir. MILS 


Distance between wires—Curve A, 0.87 cm.; Curve B, 2.4cm.; Curve 
C, 60.9 em. 


ducible to better than 1 per cent and usually better than 14 per 

cent. ; 
There is one thing more I would like to say—it may be an 

unfortunate choice of words, but Mr. Davis speaks of the pene- 
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tration of the current as being only to a certain distance from 
the exterior of the conductor. This is not true, for the current 
goes to the center. However, it decreases at a great rate, 
starting from the circumference, and what is usually meant is 


Distance between Wires 
Curve A 0.80em. 
Curve B 0.9. em. 
Curve C 245 em. 
Curve D586 em. 
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Fig. 5—Sxin Errect or 19-StraNp Copper Case, 210,700 
CIR. MILS. 


Distance between wires—Curve <A, 0.80 cm.; 
Curve C, 2.45¢em.; Curve D, 58.6 cm. 


Curve B, 0.9 cm.; 


that a tube having a thickness equal to this “‘penetration’’ 
of which they speak, will offer the same resistance to direct 
eurrent, that the complete solid conductor offers to alternating 
eurrent. Furthermore, I believe in the Middleton-Davis tests 
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Curve B 25cm. 

Curve C 59.1 em. 
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Fig. 6—SKIN Errect or 37-StraNnp Copper Case, 198,200 
CIR. MILS. 
Distance between wires—Curve A, 0.9 cm.; Curve B, 2.5 cm.;. Curve 
C, 59.1 cm. ‘ 
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they took solid conductors, computing this depth of penetration, 
or the equivalent conducting layer, and decided that the material 
inside this ring could be thrown away and rope substituted, 
giving approximately the same a-c. resistance. . 
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You will find that this may be practicaliy true in some cases 
where the diameter of the conductor and the frequency are high, 
but at the lower frequencies, the conductor with the center 
removed would have a greater resistance than the completed 
conductor. 

For the benefit to those who care to use Gray’s formula whicit 
was employed by Middleton & Davis, I think it should be 
pointed out that this formula is an approximation and only for 
use when the diameter of the conductor is so large or the fre- 
quency so high that the wire can be considered a strip of infinite 
width, or a tube of very small thickness. This formula does 
not contain any symbol for the radius of the wire, and would 
lead one to think that the depth of the equivalent conducting 
layer is independent of the radius of the wire, and varies only 
with the frequeney and the conductivity. Using the notation 
which Dr. Kennelly has used in the three papers?:*-5, I wish to 
call attention to the fact that the product of a X must be 6 or 
greater to use this formula with approximate accuracy. With 
the 2,000,000-cir. mil cable with an outside diameter of 1.625 in. 
in the Middleton & Davis paper at 60 cycles this product of 
a X is only about 3.42 instead of being greater than 6, hence 
that formula should not be used unless these conditions are 
understood, and only a rough result is desired. A formula for 
the equivalent skin thickness of any wire isgiven by Dr. Kennelly”, 


page 790. In this the radius of the wire has an important part. 
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H. B. Dwight: In dealing with the problem of the skin 
effect in a conductor of a given form of cross-section, it is neces- 
sary to try to make all the measurements which have been made 
with that form of section, consistent with each other. There 


“Skin Effect and Proximity Effect in 
Journat A. I. E. E., Vol. XL, No. 3, 


. is no doubt that they ought to be consistent, for the phenomenon 


of skin effect in a non-magnetic conductor at high frequency is 
caused by a magnetic field of the same shape as that surrounding 
a similar conductor in a low-frequency test. 

The way in which high-frequency tests can be compared with 
low-frequency tests to see if they are consistent is to correct them 
for frequency according to the ‘principle of similitude,”’ de- 
seribed in the third and following paragraphs of my paper. 

Mr. E. W. Davis, in the second paragraph of his discussion, 
states that it has been ‘‘assumed”’ that the same laws apply to 
high-frequency and low-frequency tests. The principle of 
similitude is not an assumption. The writer gave definite 
reasons for it in his A. I. E. E. paper in 1918 and Mr. J. Slepian 
published at the same time a conclusive mathematical proof of 
it. (Reference 1.) If, therefore, any one should wish to cast 
doubt on this principle, the burden of proof is on them, and they 
should show evidence, either mathematical or experimental, 
that the principle of similitude is not true. 

The question of whether the penetration formula should be 
used in connection with large conductors at commercial fre- 
quencies is best considered by using a direct comparison between 
the results of this approximate formula and the correet results, 
as shown in the Fig. 7. The range required for large 
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60-eycle cables is up to 30 per cent increase of resistance. In 
this range it ean be seen that the penetration formula gives 37 
per cent increase of resistance where it should give 30 per cent. 
It gives 26 per cent where it should give 20 per cent, and it gives 
zero per cent where it should give 3 per cent. 

Such Jarge discrepancies show that the penetration formula 
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Fig. 7—Sxin Errect 1x Sori Rovunp Wire 


does not give a close approximation for the range considered. 
If a calculation is to be of use in deciding questions of design of 
large cables, it should not give errors as large as 7 per cent in a 
quantity-which amounts to not more than 30 percent. Thesame 
statement applies to test results having discrepancies between 
duplicate readings amounting to several per cent. 

The penetration formula was originally published by physigists 
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who were discussing skin effect at high frequencies with inereases - 
in resistance of several hundred per cent. Under such condi- 
tions, the error due to the penetration formula is quite small. 

If a series of rope core sizes is to be chosen for 25-cyele and 
60-cyele cables, which shall be consistent with each other, the 
sizes of rope cores should have a definite relation to the improve- 
ment in skin effect obtained by using rope cores. The sizes 
of cores should therefore have a definite relation to the difference 
between the skin effect in the coreless cables, as given by the 
Bessel function formula, and the skin effect in the tubular 
conductors formed by the cables with cores, as given by Fig. 1 
of my paper. 

The sizes of cores will be very inconsistent if they are chosen 
as was done in the paper by Middleton and Davis, in accordance 
with skin effect values in coreless cables given by the penetration 
formula, and the incorrect assumption that the skin effect in- 
crease in resistance in the tubular conductors formed by the 
cables with cores, is zero per cent. 

It is rather surprising that Middleton and Davis made no 
measurements of the skin effect in cables with rope cores, for 
that is the type of conductor whose design they were investigating. 

In making future skin effect tests, I would suggest, since 
accurate tests results are so hard to obtain, that the instruments 
be first checked by measuring the skin effect in solid round rods. 
This has been calculated, and the calculations checked closely 
by measurements all the way from 60 eycles to 100,000 cycles. 
After it has been shown in this way that the instruments give 
correct and precise results, they can be used to measure the skin 
effect in more complicated conductors, and the results would be 
considered trustworthy if the conditions of testing the solid 
rods and the other conductors were substantially the same. 


Heat Losses in Stranded Armature Conductors 
BY WALDO V. LYON 


Associate, A. I. E. E. 
Assistant Professor of Electrical Engineering, Massachusetts Institute of Technology. 


In the present paper, which is a continuation of one presented at the last annual convention, the author extends 
the method of complex hyperbolic functions to the solution of the problem of heat losses in stranded conductors embedded 


in rectangular slots. 
infinite number of strands. 
thickness. 
appreciable thickness. 
in the first paper. 


HE first step in the solution of the problem of 
heat 'osses in stranded armature conductors is 
to obtain an expression showing the relation 

between the currents in adjacent strands. If two 
strands are adjacent at any point, they are adjacent 
throughout their length. If the conductor is turned 
over in the end connection, the strand b, which is above 
@ in one coil side, is below a in the next coil side, Fig. 1. 
The difference in pressure per half turn between these 
two strands is that between the lowest element of 5 
and the highest element of a. If the conductor is 
turned over in the end connection, in the next half 
turn, this difference is between the lowest element of a 
and the highest element of b. The difference in pressure 
in each of these is cases given in equations (6d) and (6r). 
By the proper substitution, these equations can be 
written in terms of the currents in the adjacent strands 
and the current in the slot below them. See equations 
(7a) and (7b). These two equations are similar in 
form. Between the points at which the strands are 
joined together, the sum of all of these half-turn differ- 
ences in pressure must be zero. This equation, (8), 
may be written in following form: 
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where a is calculated for the embedded portion of 
the winding. Compare this with the fundamental 
equation (1) in the preceding paper which for the case 
of infinitesimal strands may be written in the follow- 
ing form: 
a? (dx)? 
2 
1+ L, 
where a is also calculated for the embedded portion 
of the winding only, and /, and I, are respectively the 
length of the armature core and the length of an end 
turn. Notice that these equations are similar. The 


wdzde— (In + { wedz) =0; 


Presented by title only at the 10th Midwinter Convention of the 
A. I. E. E., New York, N. Y., February 15-17, 1922. 
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In the preceding paper the discussion was confined to solid conductors and to those having an 
In the latter case, the insulation between the strands was assumed to have no appreciable 
In the present paper, conductors are considered which have a finite number of strands separated by insulation of 
In the mathematical development which is to follow, free use is made of the results obtained 


first term in each is the vector difference between the 
currents in adjacent strands. The coefficients of 
the second terms are the same when the number of 
strands, m, increases without limit and there is no 
insulating space, a, between them. It is further 
shown that the vector constants, I,, are identical in 
the two equations. This similarity suggests that the 


Fre: 1 
currents in the strands of the stranded conductor may 
be equal to those in corresponding divisions of a solid 
conductor of the same depth. In the latter case, 
the imaginary strands would of course not be sepa- 
rated. (Fig. 2.) 

Such proves to be the case provided the hyperbolic 
angular depth, 6 d, of the solid conductor has a certain 


value. This value is determined by the relation 
(Equation 10a): 
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Were it not for this relation between the currents 
in the two cases the completion of the solution would 
be much more difficult. The reason is that the current 
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up to any strand in the stranded conductor must be 
determined by a summation of vector quantities where- 
as in a solid conductor the current up to any point 
may be obtained by integration, a much simpler process. 
The current in any strand may also be obtained by 
integration between the proper limits. 

This equality of the currents in a stranded conductor 
and a solid one recalls the equality of currents and 
of voltages that exists in an artificial transmission line 
and a smooth line when there is a certain relation 
between their constants. 

We are now in a position to determine the expressions 
for the resistance drop in either the top or bottom 
strand of a conductor. It is only in the case of strands 
of infinitesimal thickness that the expressions are the 
same. Compare equations (13b) and (14b) with equa- 
tion (7) in the preceding paper. They are identical 
except that M and N in the preceding paper are re- 
placed by similar functions, M’ and N’ and that there 
are terms involving 7’ and S’ which would disappear 
if the number of strands, m, were infinite and there 
were no insulating space, a, between them. We 
must also derive expressions for the pressure acting 
in conductors below a given one due to flux within 
the latter. These expressions are given in equations 
(15b) and (16b). These expressions are identical with 
the corresponding ones for solid or finely laminated 
conductors except that N’ replaces N, that T’’ replaces 
a? d? to which it reduces if there are an infinite number 
of laminations with no space between them, and that 
there is an added term involving S’, a pure imaginary, 
which depends upon the insulating space between the 
laminations. 

Having determined these four pressure equations, 
the determination of the heating loss or of the leakage 
impedance follows precisely the same procedure that 
was used in the preceding paper. 

The author wishes to point out again a fact which 
he believes is not generally appreciated. A finely 
stranded conductor with the strands continuous 
throughout the whole coil will have a resistance ratio 
equal to that of a single finely stranded half turn of 
one half its depth, provided the coil has an even number 
of turns and the end connections are turned over on 
one side only. For conductors up to about one inch 
in depth, the alternating-current resistance is then but 
1 or 2 per cent greater than the direct-current resistance. 


Mathematical Analysis 


The description of windings considered follows. 
The embedded portions of the winding are in open 
reactangular slots; there are two coil sides per slot; 
the pitch is either full or fractional; each coil side has 
n layers or conductors, and each layer has m laminations 
or strands; the strands oceupy the same relative posi- 
tions throughout the embedded portion of any half 
turn; the strands are arranged one above the other and 
have equal rectangular cross-sections; the strands are 
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separated by insulation of uniform thickness; when the 
conductors are turned over or twisted in the end con- 
nections it is done in such a manner that any strand 
occupies the same relative position with respect to the 
bottom of the conductor of which it is a part that it 
does with respect to the top of the successive half 
turn; the coil as a whole is not turned over in the end 
connection; strands of any conductor may be joined 
at the beginning and end of a half turn, a full turn, or 
of a complete coil; the end connections may be turned 
over on neither side, on one side, or on both sides. 

The strands are designated by the subscripts q p. 
The q » strand is the p strand of the gq conductor. The 
number of the strand may be counted from the bottom 
of the conductor of which it is a part, in which case the 
order of the strands is said to be direct, or from the top 
of the conductor of which it is a part, in which case the 
order of the strands is said to be reverse. Thus in a 
winding whose strands are continuous throughout a 
whole coil and whose end connnections are turned over 
on both sides the strands are in the direct order in one 
coil side and in the reverse order in the other coil side 
of the same coil. The number of the conductor is 
always counted from the bottom of the coil side of 
which it is a part. 

The armature currents are assumed to be balanced. 
In the end connections the r.m.s. current density 
throughout any strand is assumed to be constant. 
In the embedded portion of the coil the r. m. s. current 
density in any strand is variable. This vector r. m. s. 
current density in the embedded portion of the q p 
strand is: 

DONTE ep ad coshaxz 
wd " mM sinh aE 
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c is the vector r.m.s. current density at points x 
centimeters from the bottom of the pq strand; d is 
the net depth? of the conductor; d/m is the depth of 
one strand; w is the width of the conductor or strand; 
Iq is the current in the qp strand; J,<, is all of the 
current in the slot below the q p strand; 


2G) Bonet J 


ae 
Ae 


1. See: Heat Lossesin the Conductors of Alternating~- 
Current Machines presented at Annual Convention A. I. E. E., 
June 1921. (Equation (4). For solid conductors like the g p 
strand Jo is all of the current in the slot below the conductor 
considered.) 

2. The net depth of the conductor is the depth it would have 
if the insulation between the strands were of zero thickness. 
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where f is the frequency, w, the width of the conductor, 
and s, that of the slot, and p is the resistivity of the 
material of the conductor at the working temperature. 
p is assumed the same for every strand. 

The current densities at the bottom, center and top 
of the qp strand are respectively ¢eps, Cape and Cap. 
Substitution in equation (1) shows that 
Since .z = O, 
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It is shown in the paper already referred to that the 
flux, @cp, within the embedded portion of any solid 
conductor, the ¢, strand for example, due to current 
within the conductor, I,, or example, and to all of 
the current in the slot below it, which in this case is 
7g b Ips is 


th pm d 


d 
danmicg g (Le ae 21a)“ tanh“ (5) 
where |, is the length of the armature core. The flux, 
é., between the q(p +1) and the qp strands is 
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which may be written in a form similar to equation (5). 
a is the thickness of the insulation between the strands 
1 l, pm 


ois wd ( Tap + Tsay )-S2 


The proper combination of these five equations, viz., 
(2), (3), (4), (5) and (5a) will give the heat loss in any 
of the types of stranded conductors we are considering. 
The leakage reactance due to flux within the embedded 
portion of the conductor may also be found. 


(5a) 


- aad 


RELATION BETWEEN THE CURRENTS IN ADJACENT 
STRANDS OF THE SAME CONDUCTOR 

For strands numbered in the direct order, the dif- 

ference in pressure between adjacent elements of ad- 

jacent strands is the difference in pressure between that 

in the topmost element of the p strand and the bottom 
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element of the (p + 1) strand of the same conductor. 
For strands numbered in the reverse order this same 
difference is that between the pressures in the lowest 
element of the p strand and in the topmost element of 
the (p + 1) strand. The total difference in pressure 
between these adjacent elements must be zero between 
the points at which the strands are joined. 

For strands numbered in the direct order this dif- 
ference in pressure, D,, for a half turn is 
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1, and lJ; are respectively the lengths of the armature core 
and of the end connections for a half turn. The second 
term in each parenthesis is the resistance drop in the 
end connections. The third term in the second 
parenthesis is the drop in pressure in the q p strand 
due to the flux ¢,. The reactance drop in the end 
connections due to internal leakage flux is neglected, 7. e., 
the current density is assumed to be uniform in each 
strand of the end connections. 

Substitute equations (2) and (4) in equation 


ad 


pm 
+1, wad 


(6d) 


—],Iie@t+pv = (a + tanh 


oc) 
2m 


enti ses 
m 


blest | -| hts a: 


+ 1; Iyep 4 tanh $4 + hI | 
but Vs95 = 14a. ED es 
Thus 
ad 
Da = = p Gees te) Gout o- Tos 
sinh yy 


—hheg+» "(aa +2 tanh so) (6a) 


For strands numbered in the reverse order the pressure 
difference, D,, for a half turn is: 


Dp} =(hecioto the ag 9r ee 


Ioap - ‘ aa) 


— (i pcaps + te py Lap ) (6r) 


Substitute as before 


= Pu byl gt a) 


\ 


ad 


D; = 2 atatbiea 


io hae aga $2 thteors | 


(o4 
— 1, I5¢q 
bp Mm 


d d 
(a+ tanh gt) hte | 


Tite = ligne + La +a) 


1 ———,- +h) (Teo49= tu) 
m 
ad ) (6b) 


Qm 
p 
LieG + a = Toa + 2 Lap; 


where the first part is the current in the slot below the 
q conductor and the second part is the current in the q 
conductor below its (p +1) strand. In equation 


(6b) Lxap = Ltam + Ia- Sy EL where the first part 
1 


is the current in the slot below the q conductor, the 
second part is the current in the q conductor and the 
third part, as before, is the current in the q conductor 
from the first strand to the p strand inclusive. 

With these substitutions, equations (6a) and (6b) 
become 


a Roe 2a (aa +2 tanh 


In equation (6a) 


| ad 
D, = —* (4 ag th) Ceo o- to 
m 
d 
“hs (a+ 2tanh $° ) Toe 
ae («a +2tanh $2) 37, (7a) 
m 1 
= 
_ mp m k 
D, = = (1 inh 2d +h) (La + — Lap) 
m 


aod ae («a+ 2tanh 2 ) (Isam + Iq) 
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a a 


(aa + 2tanh $0.) 310, (7b) 
m 1 


2 

Between the points at which the strands are joined 
together the sum of all of these differences in pressure 
in adjacent half-turn elements, v2z., 2 (Da + D,), must 
be zero. In general this sum may be written in the 
form 


(start + ) (La @ +1 — Lap) 
sin 


ad ad 
= <= (aa + 2tanh 5° ) Io 


ad ad \ # 3 
= Ce (a+ 2tanh $°) 2 Loy = 0 (8) 
where I, is the sum of the Iy«:’s and the (— Isam 


— Iq)’s divided by 2, that is in general 


Bh 2 seri Sacpchestarales 

We will now calculate the values of I, for the cases 
that we wish to consider. 

Case 1. Strands joined at the beginning and end of 
each half turn. For the q conductor of the upper coil 
side 

=(q-lI4+n1/6 
The first part of J) is the current in the upper coil side 
below the gq conductor and the second part is the current 
in the lower coil side which in general differs in phase 
by an angle 6. There are » conductors in each coil 
side. The current in each conductor is J amperes 
(Lac= B): 

Case 2. Strands joined at the beginning and end of a 
whole turn but not turned over in the end connection. 
For the q conductor of the coil: 


Ip.= 1/24 qQ—1) b+ ul (0 Ca 1) 
=(q-1Jl+n/21/0 
Case 3. Strands joined at the beginning and end me a 
whole turn and turned over in the end connection. For 
the q conductor: 
Fach 2ub (ea) Ips YG Se eee 
Iy a LZ + te 
Case 4. Strands joined at the beginning and end of a 


whole coil of n turns. End connection not turned over on 
either side. be 


ies ae QL @-vE+ar/e+a~vD] 


n—1 

2 

Case 5. Strands joined at the beginning and end of a 
whole coil of n turns. End connections turned over on 
one side only. The order of the strands in the first, 
or lowest, conductor of the upper coil side is direct, 
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that of the next half turn is reverse. The strands in 
the second conductor of the upper coil side are in the 
reverse order while those in the next half turn are in 
the direct order. 


In general 
nee i 1 etal) hen, A tl 21) 
ee ol) ee ee 
Pal ete. ty 
In= pe | (0-1) 4+(—2/ 9-1) 
‘leaeeey ag i ~ 


GS ee Ne A= 1) ete. | I 


(a) man even number 

15 = 1/2 
(b) man odd number 

In = —I1/24+1/2/ 0 

Case 6. Strands joined at the beginning and end of a 

whole coil of n turns. End connections turned over on 
both sides. In the upper coil side the strands are all 
in the direct order while in the lower coil side they are 
all in the reverse order. 


an 


PE (0 = Y= @1) aya 
t 


2S eid ae 
a 

Consider a solid conductor of the same width, w, 
and same net depth, d, but which has an angle 6 instead 
of a. The current density in this conductor is 

c= A’cosh 6x +B'sinh 6x 

Imagine that this solid conductor is divided into m 
equal parts, 7. e., strands, in the same manner that the 
actual conductor is divided. The difference between 
the currents in the (p + 1) and p strands is 


saints 
V — 1, = BS 4" (0% — ¢.") 
pti p Tes Bd (o+ De pe 
Q2m 


(See equation 2) 


But a ee et os ( 4’ cosh = Bd 
+ B’ sinh est 3 ga) 
m 
= ( A’ cosh Py Mean gig 
ive Spel fem ) 
+ B’ sinh = Bd 


Expand in terms of p/m 6d and = giving 
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C+ De— C'ne = (A’ Sinh p/m Bd 
+ B’ cosh p/m B d) 2 sinh Nee 
: 2m 
Thus: 


2 sinh? ad 


ae = (A’ sinh p/m Bd 


m Bd 


2m 


4+71-=f,= 


+ B’ cosh p/m B d) 
The current in this conductor up to and including the 
p part is 
Ra 


Dd m 
= 

> I', = if we'dx =w/P(A’sinh p/m Bd 
1 


+ B’ cosh p/m Bd) — w/B B’ 

We will now show that these values of current can 
be made to satisfy the relation that has been established 
between the currents in adjacent strands of the actual 
conductor. Substitute these values of (I’,+.,— I’,) 


p 

and =I,’ in equation (8). That is assume that the 
1 

currents in the imaginary strands of the solid conductor 


are exactly equal to the currents in the corresponding 
strands of the actual conductor 


ad Bd 
m ls wd 2 sinh? 2m 
sinh @@ ly m Bd 
2m 
(A’sinh p/m 6d + B’ cosh p/m 8 d) — ee 


ad * ad / ad 
(aa + 2tanh $°-)1,-““ (aa +2tanh 5° ) 


w/B ( A’sinh p/m Bd + B’ cosh p/m B d — B’) 


=f} (Ba) 
This equation (8a) is satisfied if: 


2sinh? Bd 
2m 


ad 


(«a + 2tanh 5 )w/B = 0 (9a) 


ad ad 
- £2 (qa +2tanh $) I 


ad a PUL 
+ £4 (aa+2tanh $°-)w/BB’=0 (9b) 


These conditions readily reduce to 
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2 
sinh? eae ad - (10a) 
m 2 
ad ie l, 
sinh m 
and B' = B/pd; (10b) 


If the total current in the conductor, actual or 
equivalent, is J, the vector constant A’is determined 
as in the preceding paper. 


jae re Ba 
Lee 8/w ( inhb a D ) ane) 


By equation (3) the current in the p strand is 


— J, tanh 


sinh Bd 
I wd 2m 
> mM B ducike 

2m 

sinh 6 d 

_ wd 2m 
aon Bd 
Q2m 


; pies hia, paper pie 1/2 
(4 cosh Bad+B Sal Breer Ba) 


» — 1/2 
sis eS Set V4 Bd 
= 2 sinh —— P 
2m sinh Bd 
— I, tanh —- & cosh 2— 1/8 Bd 
+ Iosinh 27 bd (11) 


The current in the conductor below the p strand is 


>i aac 
B= f we'dx 
1 
= w/ B( A’sinh 2 1 Bd+B' cosh *— + 8d-B:) 
Se aoe | 
“2 sinh - Bd 
sinh Bd 


1 


a pai-.. p—1 , 
T, tanh ~~ sinh ae Ba 


he etd Pot @d—I, (12) 


The total current below the g p strand of the actual 


conductor is 
p-1 
Iya <= > Tap, 
1 


HEAT LOSSES 


Transactions A. I. E. BE. 


where I,¢ is the current in the slot below the q con- 
ductor. 

If the current in any conductor and all of that below 
it in the slot are given the copper loss in the conductor 
may be calculated as described in the preceding paper. 
We are thus able to calculate the copper loss in any 
strand of any conductor. This method of calculation 
is far too laborious and we shall content ourselves with 
calculating the loss for a half turn (Case 1), a single 
turn (Cases 2 and 8) or for a single coil (Cases 4, 5 and 
6). To do this it is necessary to obtain expressions 
for the voltage drop per half turn in the top element? 
of the top strand, in the bottom element’ of the bottom 
strand and the voltage drop due to flux within a single 
conductor in all conductors below it. 

The voltage drop per half turn in the topmost ele- 
ment of the qp strand due to resistance and leakage 
below the q (p + 1) element is, 


Lp Cen +h py leg + hg Se 


The third term in this expression is the voltage drop 
due to flux within the insulation—of thickness a—that 
is immediately above the q p strand. It is necessary 
to include this term in order that the voltage expressions 
about to be derived will be similar in certain respects 
to the general equation (8) for the currents in the 
strands. 

By equation (4a) this reduces to 


(aa + tanh 3° ) 


POG AN aeryernret ete 5 


The voltage drop per half turn in the topmost element 
of the top strand of the q conductor of the upper coil 
side due to resistance and leakage flux below this ele- 


ment is, 
on 
m m ls 
w d 1 ( a d > f e 
sinh “yy 


+ dint D SE (aa + tanh 22 ) | (13) 
.m 2 

This pressure is used when the strands are numbered 
in the direct order. The loss in pressure per half 
turn in the lowest element of the bottom strand of the 
q p conductor due to resistance and leakage flux below 
this element is: 


l peop +l p a Tay 


3. Due to resistance and flux below it. 
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By equation (2) this reduces to: 
sod 
Wop es 2 j ale few V1, CLD 
p Pe 1 ( oor ad ~f- l Lice 
m 


sot Leap aoe tanh = 


The loss in pressure per half turn in the lowest 
element of the bottom—i. e. the q:—strand of the q 
conductor of the upper coil side due to resistance and 
leakage flux below this element is, 


|, ad 
l 
drop = p—| ! ( q-)r 
d | a ad l F 
{ 
“eel £21 oe (aa + tanh Len ) + Ina ae aa 
(14) 


This pressure is used when the strands are numbered 
in the reverse order. The equation is written in this 
form so that it will be similar to equation (13). When the 
strands are continuous from one half turn to the next 
and the end connection is turned over between suc- 
cessive half turns the top strand of one half turn be- 
comes the bottom strand of the next half turn. Thus 
in equations (13) and (14) the Ic, is the same as Iq. 
The flux in the qg conductor is, 


ga = S (dap + $a) 


1 
By equations (5) and (5a) this is, 
1 m ad | 


tanh ae z (Lap + 2 Tuan) 


ga = 2 


Rie ated one 


+ aaE (Lay + Ivey) 


ad_ ad 
| ee (aa + tanh ) 


ad ) 
2m 
The summation in the second term in this expression 
for the flux may be written, 
3 Ivey = (on +0 


t+Iha tla 
tIoatIatle 
gikeeip eva aett 2? 


TS 6 a ad (a +2 tanh 
il m 


tha HPT 
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m—1 
+ Toa + = Ta, 
m—1 p—1 
= mIyqa + a s I«, ) 
From equation (8) we have, 


d wa Vert 
— (aa + 2 tanh5F )BLep 


2 
gd 
2 m le ) 3 
zt sinh &4@ a ly oe 
m 
d 
- 22 («a+ 2tanh © ) I, 


If the (m — 1) equations for the adjacent strands are 
added together we have, 


d d 1 
ee (aa + 2 tanh 5° es D Lay 


2 
ad 
= m le ) re. 
= sinh © 2 e 1 nee eee 
m 


— (m— 1) AE (aa +2tanh 22) 7, 


Therefore the flux in the g conductor when the strands 
are numbered in the direct order is, 


ad ad 


(aa + 2tanh $O ) m Toa 


1 m 
2 iarcout han dott 
ad_ 
m 


* 


~ (m—1) “2 (aa + 2tanh $° ) 1 | (15) 


a 9 


ad 

m Lb ) ; 
ad eo ae (Lam — Iai) 
m 


If the strands are numbered in the reverse order, 
so that the first strand is at the top and the mth strand 
is at the bottom, the current in the conductor below 


p m 
the q p strand is IJ — = Iq,, and the = Jy, is now: 
1 1 


Z Tsay =Tpam+I-In 


+ Team + 1 -— Ia + 1) 
’ 

+ Loam +1 — 2 Lop 

ce 

+ Iban +I-TI 


m—1 
=m Tein + 1y—" 2 = Tey—T 


Live TH 4 GW DH rs z i2 
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Therefore the fiux in the g conductor when the strands making the substitutions given in equations (17) and 

are numbered in the reverse order is (18), and remembering that the I<,, in (17) is the same 

; Pd 74 wa as Iq, in (14). We will also make the substitution 
122 (aa + tanh ) 


oa = =— p shown in equation (10a). 


jw’ wd’ 2m : 
Equation (13) becomes: 
{ dL (aa + 2 tanh g<.) (m Isom + (m— 1) TI) ("++ tanh $ ae ad ) 
drop 2 =. i, | Tad Sei ote 62 eo pa 
ad wd bd 
i ‘. tanh 9 m7 
om ( a + ) (Iam — Tas) 
sinh 22 Ly 
m (“4 ad ge) 
2 2m Bd 
P ad ad +I,ad tanh —— 
+ (m— 1)- mo -( a + 2 tanh $4)1, |a6 tanh 4 2 
The loss in pressure as derived in equations (13) and d 
(14) and the flux within a conductor depend upon the + (1I,-—Ih)ad (52 + tanh — ) 
current in the top strand and the difference between the 
currents in the top and bottom strands. The current ae 
in the p strand is determined by equation (11). +2+I1,)ad. = (13a) 
The current in the top strand numbered in direct ; 
order, is I am. Equation (14) becomes: 
d 
4 m= 1/2 (-S"-+ tanh $2) 
gen Bf eee drop = Pq |r ing gin 2d Doe Aleta 
liam = 2 sinh ) Pe wd Bd 
2m sinh 6d tanh 
— I, tanh x - cosh — i bd aa ad 
bhatt ee 
+I,ad — Bd tanh 
1/2 tanh om 
+ I,sinh 4 Bd ) ! 
: -~Gh+ht+Dad( = ge) 
Expand in terms of 6 d and pe 
aa 
pi ae a Bd tlyads > | (14a) 
lam = 2 sinh? om I ( coth Bdcoth = — ; 
is iy Equation (15) becomes: 
Bd Bd | 
+ I, ( tanh 5 coth -— -—1 (17) cxbesd p 
2 2m ) dk Bipite ere preted (I + 2 1p) 
Likewise: , 
aa a 
coth 24 ( 2 + tanh 7) Bd 
Ig = 2 ane Po | fl 2m bt Sata ae pee tanh —— 
: 2m sinh Bd tanh Pr 


— I,( tanh RE coth $4 — 1) | 


Thus: 
(lim - La:) = 20inh? ge (I +215) 


( tanh ES eotht pa )| (18) 


Equation (16) becomes: 


am Giese. fyi) - +210 
The pressure equations which determine the resist- 
ance and reactance drops, viz. equations (13) to (16) ( aa + tanh ad ) 
inclusive are in terms of these currents in the top and 2 2m 
bottom strands in addition to the conductor current tanh 

and the current Jy. We will rewrite these equations, ; 2m 


ad 
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+ In + Io +1 ad2m( s<) 
2m 


trad. $2 | (16a) 


Z 


In each of these four equations J, is the current in the 
slot below the conductor in question. 

The writing of these equations is much simplified 
if we let: 


P ( = + tanh 2 ) 
d th Bd 
n+l tanh 2S 
= M’=M,'+4+jM,’ 
( o° 
Ly 2 2m Bd 
eer er 5 EEG = 
anh > 
= N’ N ‘+ 7N,’ 
Ey d 
Ty a d2m( x) 
= GM uiee tg, TA 
E dea 8 17? wif 
2G adaa=S8S ¥ d 
and i (1; + 1.) = R (the d-c. resistance of a half 
turn) 


These equations may now be rewritten in simplified 
form: The resistance drop per half turn in the top 
element of the top strand of a conductor (13a) becomes: 


= + (,- 


drop = R[ 1M’ + I.) = 


+(1+1) 8/2] (3b) 

If the strands are turned over in the end connections 
the resistance drop per half turn in the bottom element 
of the foregoing strand, which is now the lowest in 
the conductor (14a) becomes: 


I, N’ 
2 


drop = R[ M+ ++ Doe 


#2 18/2 | (14b) 


The average resistance drop per half turn for the 
six cases considered is obtained from these two equa- 
tions. By definition J, has such a value that the term 
involving 7’ in this average resistance drop is zero in 
every case. In order to simplify the expression we 
will let I, represent the coefficient of S’/2. The 
average resistance drop per half turn is: 


DM 4 ) 


av. drop =R ( IM’+ (19) 
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I, is the average sum of the (J + I;)’s in equation 
(13a) and the J,’s in equation (14a) taken in the 
proper combination. 


Case l. I, =I+(q—1+%7/6)I upper coil side 
=(qt+n/6)I upper coil side 
wy’ lower coil side 

Case 2. IT, =1/2{U+@-1+7n7/86)I] 

ele utgai th 21.) 
=(q+n/2/6)I 

Case 3. I,=1/2{U+(q—-1+%/8)I] 

thal @ 5 Lyd} 
=(q—1/2+n/2/6)I 

Caseute hy. = 1/n> (q+ n/2/6)I 

1 
5s 
-(*3> +n/2/0) 1 
1 
Case 5. I.=>5-[ +7/6)+©) 


tn Pal 
+ (1+ 240/60) +(2) +ete. |7 


The first term within the parenthesis is the current 
in the conductor plus the current below the first con- 
ductor of the upper coil side (13b). The second term 
is the current below the first conductor of the lower 
coil side (14b). This is zero. The third term is the 
current below the second conductor of the upper coil 
side (14b). The fourth term is the current in the 
conductor plus the current below the second conductor 
of the lower coil side (13b). Notice that this expression 
for I, may be written: 


Le= g_[A+n/8)+@+n/8) 


+(5+n/0)+.... 
+(2n—1+n/8))I 


igs ns E(Qq—-1+n/6)I 
10 71 
I, =n/2+n/2/0)1I 
Casex@, Ee = 1/n3 (q—1/2 + n/2/6)I 
= (n/2+n/2/0)1 
The pressure acting in all conductors below the q 
conductor due to flux within the latter is 7 w da. 
Written in the simplified form this (15a) becomes: 
drop = R[ (1/2 + Io) N’ + de— Io) T’ + 1/28] 
| (15b) 
If the strands are turned over in the end connections, 
the pressure due to flux within the next succeeding 
half turn (16a) becomes: 
drop = R[— (7/2 +1) N’+U,+1.4+ 1) T’ 
+ 1/28’ 


(16b) 
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Reference to the preceding paper shows that these 
pressure expressions are similar to those already derived 
for solid and finely laminated conductors except for 
the added terms involving S’. M’ replaces M, N’ 
replaces N and T’ replaces a?d?. The expressions 
become identica’ in the limiting case of an infinite 
number of strands with no insulation between them. 


CALCULATION OF COPPER LOSS 

The method of calculation is the same as that used 
in the preceding paper. 

Case 1. When the strands are joined at the begin- 
ning and end of a half turn the copper !oss in the half 
turn is symbolically: 
loss =I.R(IM’+T1,/2N’ +1,2'S’) 

oe ly. 2 ae Def 2) NZS) 

In this case notice that I, = I 

The first term is the power loss due to the current in 
the conductor and the resistance drop in the topmost 
element of the topmost strand. The second term is 
the power due to the current in the slot below this 


conductor and to the pressure acting on it produced by 
the flux within the conductor. Expanding this expres- 


sion gives: 
power =I. RIM’ +I. RN +I. RS! 
Longer LN" 4ARE Ber, ne Pore Rigor 


The first term is R J? M,’. The sum of the second 
and fourth terms’ is R IJI,N,’ cos @;. The fifth 
term is RJ,? N,’ and since S’ is a pure imaginary the 
sum of the third and sixth terms is zero. The expres- 
sion for the power. may be written: 


loss = R[? M,’ + (1. I, cos & + 1,7) N;'] 


The phase angle @, is between the current, J, in 
the conductor and the total current, J;, in the slot 
below it. Here the letters J and J, represent the 
numerical values of the currents. 

If this copper loss due to alternating current is 
divided by the loss due’ to the same amount of direct 
current, we obtain the ratio of alternating to direct- 
current resistance. 

(a) The ratio of alternating to direct current resist- 
ance for a single half turn is: 


| Oe {M,’ + [ (1,/I)? + I,/I cos 63] N,"} 
(b) The average resistance ratio for a one-coil-side- 
per-slot winding having n layers is: 


Ros 1/n (M,"+ [(@— 1)? + (q— 1) ] N,’} 


v— 1 ’ 
=.) 


(c) The average resistance ratio for the upper coil 
side of a two-coil-side-per-slot winding having n 
layers per coil side reduces to 


i (M." + 
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ka | m+ (MEE se weos) | 


6 is the phase angle between the currents in the 
upper and lower coil sides. 

If the strands are joined at the beginning and end 
of a whole turn the loss ratio is a little more difficult 
to calculate inasmuch as the losses in the two half 
turns are different. There are two cases to consider, 
one in which the end connections are not turned over 
and one in which they are turned over. 

Case 2. Strands joined at the beginning and end 
of a single turn; end connections not turned over. 
The heating loss in the whole turn may be expressed 
symbolically as: 
loss = 271.R(UM'+1,/2N’ +1,8'/2) 

+1,’.R[7/2 +1) N’ + dy’ — Ip) T’ 
snare gcageee 

R[ (1/2 + Io) N’ + 4” — Lo, T’ 
ul [28] 

The first term is the power due to the current in the 
conductor and the resistance drop in the top element 
of the top strand of the turn. The second term is the 
power due to the current, I,’, below the upper half 
turn and the pressure produced by the flux within this 
half turn. Similarly the third term is the power due 
to the current, I,”, below the lower half turn and the 
pressure produced by the flux within this half turn. 
For the q conductor, I,’=I(q—1+%/8@) and 
I,” =I(q—1). We have also shown that in this 
ease’ (2). [, =I q+ n/2/0); and Ip =Iq@—1 
+:n/2/ 6). 

As before 0 is the phase angle between the currents 
in the upper and lower coil sides lying in the same 
slot. Making these substitutions and dividing by the 
direct-current resistance loss for a whole turn gives 
a resistance ratio per turn of 


K = (M,’ + (@—q+ 72/4 + (2q—1) n/2 cos 6) N,’ 
+ n?/4 T,’) 


The average value of this resistance ratio for a 
whole coil of » turns is 


+ et iM 


=| at + (24 + w/2cos 8) a 


+ n/A r.| 


Case 3. Strands joined at the beginning and end of 
a whole turn; end connections turned over. The heat- 
ing loss for a whole turn is now: 
loss = 2I.R(IM'+1,/2 N’ +1, S’/2) 
+17.R(-W0/24+1)N’4+ hh" +1,+ 1 T’ 
+I S8'/2 
+ 1, RYU /2A Ty) NG = Ta 
+48"/2] 


Feb. 1922 


+1,” .R[-— 7/24+ Ih) N’ + 2," +1o4+ 1) T’ 
+18'/2) 

The first term is the power due to the current in the 
turn and the resistance drop in the top strand of the 
turn in the upper coil side and the bottom strand of 
the turn in the lower coil side. Due to the turning 
over of the end connections these two half-turn strands 
are a part of the same strand. The second term is the 
power due to the current in the turn and the pressure 
produced by the flux within the half turn that is in 
the lower coil side. The third term is the power due 
to the current below the half turn in the upper coil 
side and the pressure acting on this current that is 
produced by the flux within this half turn. The 
fourth term is similarly the power due to the current 
below the half turn in the lower coil side and the pres- 
sure acting on this current that is produced by the 
flux within this half turn. In this case: 


Ip =(—1/2+n/2/0)I I,’ =(q-—1+%"/96)I 
Le = (q— Liar nf fe) Tf (q— 1) 1 

Making these substitutions the resistance ratio for 
a whole turn reduces to: 


n2— 1 


Ke {Mt +e ow,! 


+ [(2q— 1)? +m +22q-1)ncos 9) 7,//4 | 


The average resistance ratio for a whole coil of 
turns is: 


; n?— 1 , TnW—1 


+ n?/2 cos 0) ca 


The method of calculating the leakage impedance 
when the stranding is continuous throughout a whole 
coil is described in considerable detail in the preceding 
paper and need not be repeated here. With a finite 
number of strands, however, there are added terms 
involving S’ which appear on account of the insulation 
between the strands. Fortunately their effect is not 
difficult to calculate. 

The added resistance drop in a coil of n turns is 
(equation 19)2nRI,/2S’. Values of J, have already 
been calculated for the different cases. The added 
pressure acting in the coil side which lies in the bottom 
of the slot due to flux within the coil side above it is 
nR(n/—@)I/2S’. The other added terms are 
those due to the pressure acting in the conductors of 
the coil produced by flux within the coil itself. There 
are three cases, viz., 4, 5 and 6. 

Case 4. When the end connections are not turned 
over the resistance drop taken is that in the upper 
element of the top strand of the conductors of both 
coil sides. The added drop is then: 
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22 (q— 1) -F/2 S48 or 
Case 5. When the end connections are turned over 
on one side only the resistance drop taken}is that in 
the top element of the top strand of the first half turn 
plus that in the bottom element of the bottom strand 
of the next half turn plus that in the bottom element 
of the bottom strand of the next half turn plus that in 
the top element of the top strand of the next half turn 
plus, etc. In this case it is readily shown that the 
added drop is: 


(2q—1) RI/2 8’ or w/2 RIS’ 
1 


Case 6. When the end connections are turned over 
on both sides the resistance drop taken is that in the 
top elements of the top strands of one coil side and the 
bottom elements of the bottom strands of the other 
coil side. The added pressure is thus 


z (g- 1) RI/2S’+3qR 1/2 8’) or w/2RI8' 
1 


The sum of these three component added terms is 
the same in each of the three cases.. It is (n? + n? cos 6) 
else. 

The average value for a single half turn is 
(n/2 + n/2cos 0) RIS’. 

We may now write the expressions for the slot leak- 
age impedance of a symmetrical pair of fractional 
pitch slots. 

Refer to the preceding paper. 

Case 4. End connections not turned over. 


ee ee 
4n?—1 


— T’ + (n/2 + n/2 cos 08" | 


12 


where F.. is the true resistance of a whole coil. 


Case 5. End connections turned over on one side 
only. Even number of conductors. per coil side. 


z~R.| me— wins (Pp 


+ n?/2 cos a) T’' + (n/2 + n/2 cos @) s’| 


Case 5. Odd number of conductors per coil side. 


z= R.| m+ (At 


+ (n/2 + n/2 cos @) S| 


+ n?/2 cos 7) Tee 


Case 6. End connections turned over on both sides. 


n—1 Tnt—1 


pan ae Heh nr (2 
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+ n?/2 cos a) T’ + (n/2 + n/2 cos 6) S’ 

Since S’ is pure imaginary, the terms involving it 
do not appear in the expressions for the alternating- 
current resistance. In the preceding paper a? d? 
which is now replaced by JT’ was pure imaginary. 
T’, however, has both real and imaginary parts, and 
thus adds to the value of the alternating-current 
resistance. 

There follows a numerical calculation of the heat 
losses in a specified winding. The pitch of the coils is 
one and the dimensions of the slot and the conductors 
are: 


Width.of-slot.(s) si edancesthae a ae aap 2. SAgegcm.. 
Width of conductor (w) .............. =,21 460 e 
Length of armature core (J;) .......... o=-T2ed « 
Length.of end -umids)<aried- nds. toe = 80.0 “ 
Depth of strands(d/m). Gcchore hae =O Zaki ta 
Thickness of insulation between strands 
(aye Sn Ob OOTY re ee = 0.0881 “ 
Number of strands per conductor (m)..= 7.0 
Number of conductors per coil side (n)..= 2.0 
Frequency (f) a0." cee ee) oe ee = 60 cycles 
Average temperature of winding ...... = 100 deg.cent 
p = 2260 c. g. s. ohms at 100 deg. cent. 
oe 2x | BOP / 45° = 1.15 / 45° 
ps OI 
Aer oy, / 45° 
m Sa 
a ei ae / 45° 
m 
> = 0.0219 / 45° 
ad 
tanh 5 = 0.146 / 44° 36.5’ 4 
ew. 
m 
———,- = 1.00 /— 0.824 
sinh & 4 ee 
m 
Lie feo aa ad 
4m? ~ 2m ~° ( Ps) 2m ) 
= 0.0245 / 89° 38.5/ 
From equation (10a) 
adfjaa ad 
sinh = | d 
2m 6% 
m ai he 
sinh & ¢. h 
m 


4. From Kennelly’s 
Circular Functions.” 


“Tables of Complex Hyperbolic and 
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Pv og eS ive 0.0245 / 89° 38.5’ 
2m 1.0 /— 0.82° + 1.105 
= / 0.01164 / 45° 1.5’ 
= 0.07628 + 7 0.07634 
Bad ; 
sinh (g +7 k) = sinh gcosk + j cosh g sink 
=A+jB=C/tanh' B/A 
That is sinh gcosk =A 


coshgsink =B 
Solving these two equations for g and k gives: 


sinh g Bi (Bema e Sie bai eBid ose: 


and sink aN 


Substitution in these solutions shows that: 
sinh g = 0.0766 g = 0.0767 
= 0.0761 k = 0.0762 


= 


14+ C= 4 B? 


Va + C= 
2 


sin k radians 


Therefore = 0.108 / 44° 50" 


Bd 


tanh ye 


is readily computed in this case from 


sinh Ba 
, Ba Bad _ re 


2m 
ad “Wek ae e. 1+ sinh? 


r Re ee ee 
~ 4/1 + 0.01164 / 90° 3’ 
= 0.1079 / 44°21 5’ 


tan 


The values of coth 6 d and 2 tanh —~— 2 can be com- 
puted from the formulas: 
coth Bd 


_  sinh2mgcosh2mg— jsin2mkcos2mk 
~ sinh? 2m g cos?2mk + cosh?2 mg sin? 2 mk 


2tanh 2 
sinh m g cosh mg +j sin mk cosmk 
~ “cosh? m g cos? m k + sinh? m g sin? m k 
From which 
coth Bd = 0.8835 /— 11° 20’ 


2tanh 54 — 1.472 /34°7’ 


Feb. 1922 


The complex quantities M’, N’ and T’ may now be 
calculated 
M’ = 1.335 /33°59 = 


Tit + 70.746 
N’ = 2.22 / 79° 26’ 0.408 + 7 2.19 
T’' =2.28 /89°38.5’ = 0.014 + 72.28 
If the number of strands, m, is increased without 
limit while the depth of the conductor and the relative 
amount of insulation between the strands are unchanged 
we have: 


é Bd Bd ad a/d +1 
one ag OE 
since tanh a d y ad 
2m m 
ee, 
and oe elk 
sinh 


M’ = Bdeoth Bd 
0 RRS Ae tanh 4 


For the winding we are considering, 
Bd =0.739 ad 21.51 / 45° 
For this value of Bd; M,’ =1.1land WN,’ = 0.418. 
In this case, since 7’ is pure imaginary, 7.’ = 0. 
A further calculation has been made for conductors 


of the same net cross-section, but consisting of three 
strands instead of seven. In this case: 


M’ = 1.295 /38°9’. -M,’ = 1.084 
N’ = 2.04 /80°52’ N,’ = 0.324 
T’ = 2.086 /87°52’ T,’ = 0.0776 


The following is a table of the ratios of alternating 
to direct-current resistance for this winding for each 
of the six strand arrangements. 


Strand Resistance Ratio 
Arrangement m=a ha 7 ieee 
Case 1 3.17 3.15 2.70 
ghee”. 2.76 2.75 2.46 
egal SO! 1.42 1.47 1.66 
ni 2.66 2.66 2.40 
* 5 1.01 1.08 1.41 
<al6 1.42 1.47 1.66 

Discussion 


W. V. Lyon (by letter): A series of curves has been plotted 
which, though they may not be of particular value themselves, 
indicate a line of investigation that should prove of considerable 
importance. Curves similar to them have been discussed by 
Rogowski and others. 

The curves marked ‘‘I’’ are for the upper bar of a laminated 
bar winding, with two bars per slot. 

The curves marked “II’’ are the average values for the slot. 
Laminated conductors with laminations joined at the beginning 
and end of each turn. Two turns per coil, two coil sides per 


slot. 
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The curves marked “III” are the average values for the slot. 
The winding is exactly like the preceding case but the end con- 
nections are turned over. 

The curves marked “IV” are the average values for the slot. 
Laminated coil with laminations joined at the beginning and 
end of the eoil. Two turns per coil, two coil sides per slot. 
End connections turned over. 

All of these curves are plotted for full-pitch, finely laminated 
windings. The length of the armature core is assumed equal 
to the length of one end connection. The ordinates of these 
curves show relative values only. The abscissas, a d, are roughly 
equal to the depth of the conductor in centimeters for a fre- 
quency of 60 cycles. 


_ 


OR Ra, WITH CONSTANT 


Ra 
Rag 


CROSS SECTION OF CONDUCTOR 


~ 


2 3 
ad-2nd (2 


Fig. 1 


Rec WITH CONSTANT WIDTH OF CONDUCTOR OR WATTS 
PER SQ.CM. OF SIDE OF CONDUCTOR WITH CONSTANT 


WATTS PER SQ.CM.OF SIDE OF CONDUCTOR, 
WIDTH OF CONDUCTOR CONSTANT 


Fig. 1 shows how entirely inappropriate laminated bar wind- 
ings are when the conductors are deeper than about one centi- 
meter. Fig. 2 shows that with conductors of constant width 
there is a depth which makes the alternating-current resistance 
a minimum. This has been called the critical depth. Notice 
that with the better types of windings, viz. III and IV, the 
critical depth is greater. The ordinates of those curves may 
also represent the watts per square centimeter of coil side for 
conductors of constant cross section. If all of the heat developed 
in the conductors passed through the sides of the coil, which of 
course it does not; these curves would show a truly critical 
depth. 
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If the width of the conductor is kept constant the watts per 
square centimeter of coil side do not reach as distinct a mini- 
mum value. In fact in the better windings, III and IV there 
is no minimum, 7. ¢., critical depth. Fig. 3. 

Taking the surface through which the heat is conducted from 
the coil as the entire perimeter of the cross section of the 
coil the watts per square centimoter of insulation are plotted in 
Fig. 4. These curves were plotted for cases in which the eross 
section of the conductors was nine square centimeters and the 
thickness of the insulation was one-half a centimeter. 

It seems that these curves only emphasize the need of a 
thorough investigation of the heat conduction through the 
insulation of embedded conductors. The problem is further 
complicated in that the best shape of conductor must be deter- 
mined by considering not only the heat generated within it 
but also by the eddy current and hysteresis losses produced in 
the neighboring iron. 


WAITS FER SQ CM OF INSULATION, CON 


DUCTOR HAVING CONSTANT CROSS SECTION 
CONSTANT THICKNESS OF INSULATION 


M. S. Vallarta (by letter): Although a few resistance-ratio 
and temperature measurements have occasionally been reported, 
no thorough experimental investigation of the Field theory of 
skin-effect in embedded conductors has to our knowledge ever 
been undertaken. In order to fill this gap, such an investiga- 
tion is now in progress at the Research Division of the Electrical 
Engineering Department, Massachusetts Institute of Tech- 
nology. Its main purpose is to furnish experimental proof of 
the correctness of Field’s assumptions, since the rest of the theory 
and its applications, as developed by Rogowski, Richter, Gilman 
and very recently by Professor Lyon, in his simple method 
involving the hyperbolic functions of a complex variable, follow 
from these assumptions by a process of mathematical deduction. 


Owing to experimental difficulties it has been found necessary, : 


however, to test both the assumptions and the conclusions, as 
a check on the complete theory. 

A piece of standard laminated slotted armature was kindly 
furnished for these tests by the Westinghouse Company, to 
which we acknowledge our indebtedness. This is mounted on a 
wooden framework, away from any magnetic material. So far 
as the magnetic circuit is concerned, conditions are in close 
agreement with the ideal demands of the theory. 

For the purpose of obtaining the greatest possible resistance, 
the test coils are made of thin copper strip wound longitudinally 
in the slots, with its largest dimension parallel to the slot side 
and with paper-insulated turns. So far as one-dimensional 
skin-effect is concerned, which is the only one considered in the 
Field theory, these coils are the exact equivalent of a solid bar 
conductor of the same dimensions. Stranded conductors with 
twisted end connections have not been thus far experimentally 
investigated. ; 

To test the assumption that an element of current in the slot 
produces no field below it, an exploring coil was placed longi- 
tudinally in the slot, with its plane parallel to the slot side, 
below a current carrying conductor. This exploring coil was 
connected through a shielded two-step vacuum tube amplifying 
circuit and thermocouple to a sensitive galvanometer. No 
deflection could in any case be obtained, thus confirming the 
assumption. No satisfactory proof of Field’s assumption of 
no component of field strength parallel to the slot side has been 
found. 
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An experimental curve of cross-filux distribution was deter- 
mined by winding five equi-distant exploring coils around 
the tooth and measuring the voltage induced in them when an 
alternating current flows through the slot conductors. This 


- voltage was measured by connecting the exploring coils in turn 


to a sensitive galvanometer through a shielded two-step vacuum 
tube amplifying circuit and thermocouple. To eliminate 
tooth-tip leakage, an exploring coil at the top of the slot was 
always connected in series opposition with the coil through 
which the flux was measured. 

The curve of cross-flux distribution is easily calculated from 
equation four of Professor Lyon’s first paper. The flux linking 
an exploring coil distance x from the bottom of the upper con- 


duetor is 
d x 
a= f ae wedeth |az 
x 0 


where c = f (x) is given by the equation quoted aboye, 7. e., 


h d 
c = af Peres bres — Is tanh cosh a x +Iesinh a2 | 
a 


inh ad 
It follows by integration, if I, = Iz = I. 
47ll cosh a x d 
od = Aa [ coth aa - hea te ~~ (cosh ad 


— cosh ax) + sinh ad — sinh ae | 


—— Experimental Curve 
---— Theoretical Curve 


Fia. 5 


For the lower conductor alone: 


x 
a0 [| wees] es 
8 
oO 


o2 = 
x 
with 
ww tera cosh a x 
nt he gee” Sainte a 
whence 
47lI cosh a & 
whieh ag [ coh ea 


Let #19 be the total flux linking an exploring coil at the bottom 
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of the upper conductor. 
coil distance x from the bottom of the slot is: 


= o10 + o2 

From which the flux at any point along the lower conductor 
ean be calculated. 

The experimental and calculated curves of cross-flux distri- 
bution are given in Fig. 5. The agreement is considered satis- 
factory, within the limits of experimental error. 

Resistance-ratio measurements have also been made. Power 
is measured by the three-voltmeter method, especial precautions 
being taken to have a sinusoidal voltage wave. Oscillographic 
records show that this condition was in every case closely 
fulfilled. The disturbing effect of uneven temperature dis- 
tribution is largely eliminated by operating only after a steady 
uniform temperature, such as caused by a direct current, has 
been reached, then making all a-c. measurements within a short 
interval. To correct for iron loss, a coil of fine magnet wire was 
wound around the teeth, the excitation being distributed so as to 
correspond as closely as possible with conditions in the slot con- 
ductors. Phase difference effects of course cannot be imitated 
with this arrangement. The skin effect of such a winding is 
assumed to be negligible. 

Results of resistance-ratio measurements and computation 
data are given below. Hach power measurement given is the 
average of at least five runs. The precision of individual meas- 
urements is estimated at one per cent or better. 


COMPUTATION DATA 


Dimensions Of Slots) With. wi os )5 oie bie ops wletelv oe 1.905 cm 
TSUN eee Neate tepateria ste wis 40.6 cm 
EIGDGE A Gis eve ohclareterslorete, he case 7.62 cm 
Effective width of conductor..............¢..00- 1.418 cm 
Effective height of conductor...............¢e00. 3.58 cm 
POG ULOIAG Vere ea o x netn areata, a: saline eel oy duc oli hoy ois 60.0 cycles 
PROETHDOLALULO! Tate's lfele vos estos lace! a tiolesie eee’ se 65 deg. cent 
TABLE I 
Measurements for two con- 
ductors in series 
Correction |Correction 
Measured for end for iron Net A-C. 
power Current turns loss power resistance 
watts amperes watts 1 watts watts ohms 
204.9 9.14 3.84 6.05 195.0 2.34 
68.0 5.21 1.22 2.21 64.6 2.38 
11.53 2.131 0.20 0.50 10.83 2.39 
3.32 1.136 0.05 0:22 3.05 2.38 
Average 2.37 ohms 
Embedded portion d-c. resistance..... 0.2251 ohms 
PROSISUATICE LH CLO sits civis «utters ne lerevel stay 10.52 
Calculated resistance ratio........... 10.26 
PyferonCOsnc<s <scttceo wee cls Poitiers Zoe 
TABLE II ? 
Measurements for lower conductor 
Correction |Correction 
Measured for end for iron Net A-C, 
power Current turns loss power resistance 
watts amperes watts ! watts watts ohms 
95.8 15.16 5525 3.14 87.4 0.382 
34.9 9.16 1.92 1.21 31.7 0.378 
11.81 5.32 0.65 0.37 10.79 0.381 
1.98 221 0.09 0.05 1.84 Orshe 
AVELASO.. 5s sae > ore 0.3795 ohms 
Embedded portion d-c. resistance..... 0.1148 ohms 
ROsIsbanCO LAtMOntuiesids cielo eerie ietarevels 3.30 
Calculated resistance ratio............ 3.25 
Difference va ceecistee Gh's vals os Ae 2.0% 


1. Length of end turns is 20 per cent of total length. Correction as- 
sumes that skin effect in air for thé coils is negligible, which is borne out by 
experiment. 


2. Lower conductor alone in slot. 
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TABLE III 3 
Measurements for upper conductor 
Correction |Correction 
Measured for end for iron Net A-C, 
power Current turns loss power resistance 
watts amperes watts 1 watts watts ohms 
181.5 9.36 2.15 2.36 LAZO 2.04 
62). 7, 5.47 0.74 1.54 60.4 2.01 
LOeL 7 2.145 0.11 0.46 9.60 1.98 
2.70 1.140 0.03 0.07 2.60 2.00 
AVETALOs tlhe ctoee 2.01 ohms 
Embedded portion d-c. resistance..... 0.1110 ohms 
Resistance Tato. « occdv wens sow ras vee 18.1 
Calculated resistance ratio........... Lise 
Differences tweens a Oh ee eee. 4.8% 


3. Both conductors carrying the same current. 


It is seen from the above that, as far as can be judged from our 
present evidence, the complex hyperbolic method developed by 
Prof. Lyon correctly deseribes the cross-flux distribution and 
gives simple means of computing the resistance ratio of ideal 
bar windings with engineering accuracy. 


In connection with this investigation, the following biblio- 
graphy has been prepared: 


BIBLIOGRAPHY 
(In chronological order and without pretensions as to com- 
pleteness. ) 

1. A. B. Field. ‘‘Eddy-Currents in Large Slot-Wound 
Conductors” Trans. A. I. E. E. Vol. XIV, 1905, p. 761. 

2. Fritz Emde. ‘“Einseitige Stromyverdrangung in Anker- 
nuten”’ Elekt. und Masch. X XVI, 703 & 726, 1908. 

3. W. Rogowski. Uber zusatzliche Kupferverluste, tber 
das kritische Kupferhohe einer Nut, ete”. Arch. fur Elek. If, 81, 
1913. 

4. R. Rtidenberg. “Die kritische Kupferhohe von Leitern 
fir Dynamomaschinen”’. Arch. fiir Elek. II, 207, 1913. 

5. L. Dreyfus. ‘‘Zusatzliche Kommutierungsverluste bei 
Gleichstrommaschinen.” EHlekt.wnd Masch. XXXII. 281, 1914. 

6. L. Fleischmann. ‘Uber ztisatzliche Verluste dureh 
Stromverdrangung in Gleichstrommaschinen.” Arch. fiir Elek. 
II, 387, 1914. 

7. R. Richter. ‘‘Uber zusatzliche Kupferverluste.”’ 
fiir Elek. II, 518, 1914. 

8. W. Rogowski. ‘‘Uber zusatzliche 
Arch. fiir Elek. II, 526, 1914. 

9. R. Richter.. “Uber zusatzliche Stromwarme. I: Einfluss 
der Leitfahigkeit, ete.’ Arch. fir Hlek. III, 175, 1914. 

10. F. Hillebrand. ‘Uber zusatzliche Kupferverluste bei 
Wechselstrommaschinen.” Arch. fir Elek. II, 111, 1915. 

11. L. Dreyfus. ‘Die Theorie der zusatzlichefn Kommu- 
tierungsverluste von Gleichstrommaschinen.” Arch. fir Elek. 
ITI, 278, 1915. 

12. R. Richter. ‘Uber zusatzliche Stromwarme. II: Ent- 
wurf von Nutenwicklungen.” Arch. fiir Elek. IV, 1, 1915. 

13. L. Dreyfus. ‘‘Zusatzliche Kupferverluste durch Strom- 
verdrangung bei Einankermumformern.” Arch. fiir Elek. IV, 
42, 1915. 

14. W. Rogowski. ‘“Unterteilung und Wechselstromwider- 
stand.” Arch. fiir Elek. IV, 279, 1916. 

15. R.Richter. ‘Uber zusatzliche Stromwarme. III: Nuten- 
wicklungen mit unterteilten Leitern.”’ Arch. fiir Elek. V,1, 1916. 

16. L. Roebel. German Patent 277012. 

17. R. Richter. “Uber zusttzliche Stromwarme. IV: 
Unterdrickung durch magentische Hilfskreise.” Arch. fiir Elek. 
Vida, 1917. 

18. W.V. Lyon. ‘Current Distribution in Armature Con- 
ductors.” Bulletin 19. Res. Div. Elec. Eng. Dept. M. I. T. 1919. 

19. A. E. Gilman. ‘“Eddy-Current Losses in Armature 
Conducetors.’”’ Trans. A. I. E. B., Vol. XXXIX, 1920, Part I, 
p. 997. 
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20. H. W. Taylor. ‘“‘Eddy-Currents in Stator Windings.” 
Jour. I. E. E., LVIII, 279, 1920. 

21. R. Pohl. “Eine einfache Theorie der zusatzlichen Ver- 
luste im Nutenkuper von Wechselstrommaschinen.”’ Elekt. Zeit. 
XLI, 908 and 997, 1920. 

22. W.V. Lyon. ‘Heat Losses in the Conductors of A-C. 
Machines.”” Trans. A. I. E. E., Vol. XL, 1921, p. 1361. 

23. W. V. Lyon. “Heat Losses in Stranded Armature 
Conduetors.”” Jour. A. I. E. E., Vol. XLI, 1922, Jan., p. 37. 


V. Karapetoff: Prof. Lyon deserves much credit for having 
worked out in detail various expressions for heat losses in arma- 
ture conductors, with a non-uniform distribution of current. I 
wish only to point out some possible improvements in the funda- 
mental mathematical treatment, and to indicate the next steps 
that might be taken in the solution of this important problem. 


1. Gilman’s Work. In June 1920 Mr. R. E. Gilman presented 
before the Institute a highly mathematical paper on the same 
subject (Trans. Vol 39, p. 997), and it is to be regretted that in 
Prof. Lyon’s paper, presented a year and a half later, before the 
same body, no attempt is made to correlate his work with that 
of Gilman’s, and to point out identical results, diserepancies, 
if any, advantages and disadvantages of the two different methods 
of mathematical analysis. It remains for a future investigator 
to finish this part of the work. 

2. Exponential Notation. In my discussion of Gilman’s paper 
(ibid, p. 1054) the advantages of exponential notation are 
pointed out, and it is shown that several pages of long tedious 
formulas may be done away with, and that a solution of certain 
simultaneous equations is obviated. It now remains to compare 
the method of exponential notation with the use of hyperbolic 
functions of a complex variable, as used in Prof. Lyon’s paper. 
In making this comparison, it is necessary to keep in mind that 
at the present time we have only Kennelly’s tables of such func- 
tions, with steps of such magnitude that the two-directional inter- 
polation is quite tedious. The building up of hyperbolic fune- 
tions of a complex variable out of those of real variables also 
takes considerable time. 

3. The fundamental differential equation. The fundamental 
differential equation of distribution of alternating-current density 
in a long conductor, subjected to a transverse magnetic flux, is 
not original either with Mr. Gilman or with Prof. Lyon. See, 
for example, A. Russell, Alternating Currents, Vol. I, index 
under ‘‘eddy currents.’ This equation can now be derived much 
more directly from Heayiside’s laws of cireuitation which are 
familiar to the younger generation of engineers. We want as 
wide a cirele of readers for our Institute papers as possible, and 
any simplification in mathematies, any deduction directly 
from a general physical law, rather than by a special ‘‘follow me”’ 
method, is a step in the right direction. 

4. Some mathematical simplifications. Prof. Lyon’s paper 
being based, on a well-known fundamental equation, the value of 
the contribution lies mainly in the application of the solution 
to certain specific cases. The solution must be in the simplest 
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possible form for numerical computations. An inspection of 
his formulas shows the possibility of considerable further sim- 
plification. The formulas used in the present paper are based on 
equation (3) in his first paper (TRANs., 1921, Vol. 40, p. 1361). and 
it is therefore necessary to go back to that paper in order to 
indicate an alternative treatment. 

The objections to Prof. Lyon’s formulas are (a) that 
they are involved and unsymmetrical, and (b) that the 
variable x enters in the same formula in two or more places. 
What seems to be a simpler form of solution both for a general 
development and for numerical work, is indicated below; the 
equations numbers 1, 2 and 3, refer to Lyon’s first paper: 

Let the general solution of equation (2) be written in the 
form of 


c = (a@/w) D Sinh (ay + 8) (104) 


This solution differs from equation (3) in the following re- 
spects: (a) the expression (a/w) is written out explicitly in order to 
simplify further transformations; (b) the variable distance, y, 
is assumed to be measured from the center of the conductor, 
in order to make the equations more symmetrical. In the origi- 
nal paper the corresponding variable, 7, is measured from the 
lower edge; (c) the variable y enters in the equation only once, 
while equation (3) contains x twice; (d) The two constants of 
integration are D and a, that is, directly the amplitude and the. 
phase, instead of the components A and B. 

To determine D and g, wesubstitute expression (10) in equation 


(1), and in the formula for J,*. After simplification we find: 
tanh 6 = [f1/(1 + 2J)] Coth ad/2 (11) 
a 
+3, 
Equation (10), with the auxiliary expressions (11) and (12) leads 
to simpler formulas and computations than the formulas used in 


both of Prof. Lyon’s papers. For the current density at the 
center of the conductor we have, putting y = 0, 


D= I, /(Sinh g Sinh a d/2) (12) 


c = (a&/w) D Sinh g (13) 
or, substituting for D its value from eq. (12), 
ec = al1,/(2 w Sinh a d/2) (14) 


which cheeks with Prof. Lyon’s expression. 

5. Future Work. There is no reason why this problem should 
not be brought now to a final solution, at least in application 
to standard turbo-alternators. By this I mean a set of curves, 
charts, tables, ete. with which a designer could safely compute 
the armature copper loss for an assumed arrangement of con- 
ductors. At the present stage the designer would have to study 
one or two highly mathematical articles and then perform rather 
long computations before he could get a specific result. Should 
he then decide to change his winding, much of the numerical 
work would have to be repeated. 


*Trans. A. I. E. E., 1921, p. 1369. 
¢Trans. A. I. E. E., 1921, p. 1372. 
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Review of the Subject.—The principal applications of 
the current locus of single-phase induction motors are the predetermi- 
nation of the performance of a projected motor on the basis of its con- 
stants, and the determination of the performance and constants of an ex- 
isting motor on the basis of afew simple tests. The first question is 
particularly attractive to a mathematically trained mind, because, 
with constants considered as known, it is simply a problem of 
mathematics; a great amount of work has been done to find and per- 
fect its solution. The second problem is, perhaps, more difficult 
than the first. Its thorough treatment requires not only the knowl- 
edge of the solution of the first problem, but also the ability to make 
use of more or less complicated combinations of constants given 
by tests instead of the constants themselves; moreover, the exact 
solution usually cannot be obtained, and one is obliged to make 
certain incorrect assumptions, drawing upon the practical experi- 
ence to set proper limits to these inaccuracies; for this reason, 
perhaps, the second problem has always been less popular with 


investigators than the first, and the available results still leave 
room for improvement, especially in connection with the “‘tilted’’ 
diagram. 

In what follows this problem is treated by a method which is 
believed to combine the accuracy with comparative simplicity of 
the final results—the latter, at least, to the extent which can rea- 
sonably be expected when dealing with an apparatus of such inherent 
complexity as the single-phase induction motor. 
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CURRENT Locus DIAGRAM 
HE diagram will be based on the:circuit of Fig. 1 
which expresses the equivalence of the single- 
phase motor to two polyphase motors with 
primary windings connected in series.1 The exciting 
impedance consists of a reactance X divided between 
the two stators; the core loss circuit g is connected 
across the line; no specific assumption is made as to 
the nature of the loss in an elliptical field, the current 


No, 1 


rolps 


Fig. 1 


covering this loss being always too small to have an 
appreciable influence on the phase relation and the 
magnitude of the vectors of the diagram. 

In Fig. 2 let O I be the current I’ in the motor branch 
r,- 2%,;— X/2—X/2; the line voltage V’ is the sum 
of O R’ = hel y R’ S’ - x11’, S’ M’ os Kl 2dh, M’N’ 
= X/2I’, and of the e.m.fs. M’ P’ = X/21,' and 
N’Q’ = X/21." due to the reaction of the currents 
I,’ and I,” set up in the rotor circuits No. 1 and No. 2 
by the e.m.fs.S’M’ and M’N’. Electromotive 


1. The cross field theory leads to the same circuit. See V. 
Karapetoff, Journau A. I. E. E., August, 1921, p. 640. ‘The 
primary and secondary windings are usually combined in a 
divided circuit instead of being left in inductive relation by 
means of 1 to 1 ratio transformers, as in Fig. 1. 

Presented by title only at the 10th Midwinter Convention 
of the A.I.E.E., New York, N.Y., February 15-17, 1922. 


forces M’ P’ and N’Q’ result from the diagram of 
Fig. 2 in which 


hea pat A senda Aho eta 
SHY wee D5 ha l= 5 ‘Pie 
apres oP U Nias ete 2 Ty 


r X+nz, \? 
Let 21 a + ( 2 | 
eS eae X + te e 
and a? = 4 (2— s)? +( De ? 
, . X+2 r 
then (Fig. 2) sing = 3 2) 2, cosa = rE , 
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gino °= ast ran it 


If the current I’ remains constant, the point N’ 
is fixed, and the locus of the line voltage is described 
by the sum N’E’ of the vectors M’ P’ and N’Q’. 
Let N’ be the origin of coordinates u and v, with axes 
directed to the left and downwards, as shown; pro- 
jections of M’ P’ on these axes are: 


/ ae / [Aone = / , x A 
M’'P = M'P'sina = MF" ye sin a 
Secgieare xX A eee. xX leone 
= § M SY ay, eee x 6 I’ sin a; 
pr ea¥:.8 xt : 0 
and M’ P’ cosa = 5 oA EOE I’ sina X cosa 


respectively; the e. m. f. N’ Q’ gives for its projections 
similar expressions with the angle b instead of a; 
therefore, denoting 
A? [! 

2 (X + 2) 
the coordinates of EH’ are uw = m (sin? a + sin? b) 
= m (2— cos? a — cos? b) and v = m (sinacosa + sin 
bcos 6). The equation of the locus of E’ is obtained 
by eliminating a and b between these expressions and 
the following relation: 


by m, 


fina 4 tan} 2 ene ee erie 
i) Ts 
= AeA ae 
Ss - : 
denoting a by n, 
2 


it is found: wu? + v? = m? (4 + cos! a + cos‘ b — 4 cos? a 
— 4 cos? b + 2 cos? a cos? b + sin? a cos? a + sin? b cos? b 
+ 2sina cosa X sinbcos b) = m?[4— 3 cos?a — 3.cos?b 
+ 2 cos acos b cos (a — b)] = m*| — 2+ 3sin’ a 


2 sin (a + b) cos (a — 6) 


RSE te TAC AE a ts eae 
+3mu + m2/n (sin2a + sin2b) =— 2m+3mu 
+ £m ” , which can be written: 

3m \? 
(« -=#) + (v — m/n)? = m2 (1/4 +1/n%), and 


shows that the locus is a circle 1 with the point O’ 


, 3m 
of coordinates uo = “OR m/n as center. For 


38m 


Z 
At B’, u = m (sin? a + sin? b) 


v = 0 the equation gives u = + m/2, i. e. N’ A’ 


=m, N’ B’ = 2m. 
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= 2m, i. e. sina = sinb = 1, which is possible only 
if s = « at this point. 

The current locus at constant voltage V is derived 
from the circle 1 by inversion with O as center and V I’ 
as constant of inversion, followed by the substitution 
for the inverse figure of its image with respect to O Y; 
this gives a circle 2 of center O.. If the core loss is 
constant, the locus of the entire circuit of Fig. 1 is the 
circle 2 referred to an origin O; such that O, O = current 
in the branch g. 

The inverse of the line R’ N’ is a circle 3 of diameter 


ie GF pie 3 
ri O Re Be 1p 
y be the angle which the radius A O, at A (correspond- 
ing to A’) makes with the tangent Aj to the circle 3; 
this angle is equal to the angle B’ A’ O’; therefore, 
tan y =v re Daal ohn wlan 
ty thy aa EXG — Ve 


, having its center O; on OY; let 


(1) 


2 Naga 
INPUT TO THE ROTOR? 

At a point EF of the circle 2 let EqbeLto A O, and 

EHtLto Aj; the triangles OO; E and A O; E having a 

common side 0;E give 2A 0; X Et— A E? = 200; 


ViIcos¢. 


Ty 


xX OE X cos@— OE? = ik: 
__ rotor input 
eT ine, a ge 
If R is the radius of the circle.2, then AE? =2R 
x Ad =2R xX Aqcos 7;the similar triangles A O; O2 
and AKq give RX Aq=AO;3 X Kq, hence, 
rotor input 
Us 
= 2A0;(E qeos y — Kqeos y) = V/r; 
x E K cos y, i. e. 
Rotor input = EH K xX V cos y 


=2A0O;x Et—2A0;3 X Kqcos y 


(2) 
or, since y is always very small: 
Rotor input = ~ EK x V (2a) 


As will be seen, the graphical expressions of the 
performance elements are very simple in the constant 
current diagram (denoted “‘c.¢.d.’’); they will be 
used for the derivation of the much less obvious rela- 
tions in the constant voltage diagram (“‘c. v. d.’’). 
Since the current I’ is arbitrary, it is convenient to 
simplify the figures by giving it such a value that the 
inverse of the circle 1 is equal to the circle 1 itself, 
which: may then be considered both as the voltage 
locus at constant current, and—disregarding its incor- 
rect location with respect to O Y—as the current locus 


2. It is known that the primary and secondary outputs at a 
point E are proportional to the distances of E from the lines 
passing through the points of zero outputs (lines A B and CL 
in the figures). The purpose of the demonstration given below 
is to determine the coefficients of proportionality in equations 
(2) and (3) and to establish equations (2a) and (3a) whose 
simplicity facilitates the use of the tilted diagram. 
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at constant voltage. Plain capitals A, B,-etc., will 
refer to the points of thee. v.d.; the same capitals 
with an accent, A’, B’, ete., will be used for the cor- 
responding points of thec.c.d.; two corresponding 
points of the circle, such as A and A’ are on the same 
line passing through O. The voltage and the current 
will be denoted by V and IJ in the ec. v.d., and by V’ 
and I’ in the ¢c. c. d.; it is clear that at the correspond- 
ing points V’/V = I’/I. 


‘In the triangles” f° ?"'S” and M"P! P",’ Fig?2, 
Vex MM Ree Ss eM Pp’: tbat MF’ 


as yt XM’ P’, M'P!= X/21,', and M’S’ 
care oe a MP 
= X/2 I’, therefore, [2/2 = ees : 

aeyee: QI" x N’ Q’ 
U2- . 
similarly, I; anes ; 
hence r2/2 (I,’ + I.”"*). = rotor copper loss 
sr Te yf a 7 xe ; 
Sy eae xXu=T'utan y (u = abscissa of EL’). 


In Fig. 3 let H’ T’ be Lto:R’ N’, and N’ C’ L’ a line 
such. that:2 A’ iN’ C’ = -ysethen G’ K’ = N’ K’ tan y 
= utan y, i. e. in the c.c.d. the rotor copper loss is 
G' K’ x I’. Since the input to the motor is T’ E’ 
<x I’, and the stator loss = T’ K’ x I’, the rotor 
input is K’ EH’ x I’, and the rotor output = G’ EH’ 
x I’. At L’ and C’, G’ E’ = O; these points are the 
locked? and the no-load points (= zero — torque points) 
respectively. A’ C’ isLto R’ N’ because B’ A’ = 
A’ N’; therefore, in thee. ¢. d. the rotor loss is the same 
at A’ and C’;. but at C’ the stator supplies both its own 
loss A’ A” < I’ and the rotor loss; at A’ the latter 
must be supplied externally, as mechanical power. At 
synchronism (point U’) s =O, cosa = O, and v/u 
m sin b X cos b Te 

: Ty MMT EL He eRe a oe 

i. e. U’ is the middle of the vertical segment (not 
shown) passing through U’ and representing the rotor 
loss at U’; this expresses the well-known fact that at 
synchronous speed the stator supplies one-half of the 
rotor loss; the other half must be supplied externally. 


3. This can also be proved by making s = 1 in the expres- 


: . v r 
sions of uw and v, which gives —— 2 = tan y™ 


ae ek ee 
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Rotor OUTPUT 
Let (Fig. 3) E’ a’ beLto C’ L' and EaLto CL; 
in Fig. 3a (giving details of Fig. 3) the inscribed tri- 
angles CEL and C’ E’ L’ give: 


1 Eo ey i ik Binoy cg 6 an Ie tig Uns Fe ah pl 
Lee ee ee ee Oe 
|e BY Oe ON bes. tee Sele as Sik Bes 
Piling gna dee Ose a eh 

Ee) OE. YOR av" Ge 
hence rg he BOW tos Le 
The rotor output at E’ is 

Hl Gece fies ge ae hae a 
cos Y : 


therefore, the rotor output at EH in the ec. v. d.is 


(7S) x(q) - $4 Be. 
cos ¥ V' ~~ eos ¥ tes 
In Fig. 3 let € = Z COL; thearc B’ FE L’ is measured 
by 4 y;. the arc L’ E’C’ = B' E'C’— BEL’! =F 
— 4+; therefore, theareC HL = areCL’ + arc L’L 
= (C’ BE’ L—2e6)+ (L'’E'C’-C'E'L) =—- 2.e 
+E’ C=7r-—4y-2e; 


LG's pein" fo, (ar ay) 
pene) LC  sin'/.(r#—4 y—-— 26) 
ea cos 2 Y 
cos (e+ 2 ¥) ° 


Let 6 = Z AOC;the are A’C’ =2 7, therefore, 
the are AC =27y—206. The angle which CL 
makes with the diameter A O’ is 


wm—arceACL areAC _ w—areCHEL 
2 2 as 2 

—arcAC = ee Mie — (2 ~~ — 218) 
? =e+296; 


if EG is drawn Lto AO’, then Ea = EG X cos (e 
+ 2 0); substituting: 
cos 2 y 


Rotor output = EG XV X cosy 


cos (€ + 2 @) 
cos (e + 2 ¥y) (3) 


The angles 0 and y are very small; moreover, @ 
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differs from y only by one =half of the negligibly small 

arc A C; both fractions in (3) are very close to unity 

(and differ from it in the opposite senses), therefore, 

Rotor output = ~ EG & V (3a) 

If the rotor resistance is very high, it may be advis- 

able to measure y, € and @ on the diagram and use 
equation (3), but this is seldom necessary. 


Fig. 4 


RoToR CopPEeR Loss 

When equations (2a) and (3a) are applicable, they 

give (Fig. 4) 
Rotor copper loss = HK X V—EG XV 

= GK x V (4a) 

In Fig. 4 let H be the intersection of L C with B A, 

and 4 = a circle through H and L, with its center O, 

on H H;, parallel to AO,. Since GK is proportional 

to Hb and therefore proportional to H a’, the rotor 

loss GK X V is proportional to Ha’. Let LD be L 


to AO,; at L the rotor loss = rotorinput = ~LD. 


<,V; therefore, the coefficient of proportionality is 


LD. 
rere : 
: LD 
Rotor copper loss = ~ H a® X (v x HAL ) (4b) 


Expressions (2a), (8a) and (4a) show that if repre- 
sentative segments of the rotor input, output and loss are 
drawn perpendicular to the diameter passing through the 


4. See Appendix 1 for the exact expression of the rotor copper 
loss. 


5. Journau A. I. E. E., April 1921, p. 329. 


point of zero stator output, they can be read directly in 
amperes, as in the current locus of a polyphase motor.® 
The expressions are, however, only approximate in 
the single-phase motor, although the accuracy is 
sufficient in most cases occurring in practise. 


SPEED 


Let aa (ec. v. d. in Fig. 5) be an arbitrary line parallel 
to the tangent at B (s = «), and f, g, h, the points of 
intersection of this line with B L, B E and B U respec- 


tively (U = point of synchronous speed); then, if 
S is the speed with synchronism as unity: 
S= fg (5) 


fh 
This expression is well-known; a brief outline of its 
derivation will be sufficient. In the c.c.d. of Fig. 5 
let f’ be the intersection of B’ L’ and A’ C’ produced; 
using the same axes of coordinates u, v, (to the left and 
downwards from N’) as in Fig. 2, let » and q be coor- 
dinates of a point #’; the equation of N’f’ is» =u 


x cot y; the equation of B’ E’ isq(u—2m) =v (p 
—2m); these equations give for the coordinates 
u,; and », of g’: 
ppieimainetie aL bts Strom 
ne San yy oe ee 
mite 2mq 


qtany +2m—p ° 


The equation of B’f’ is u+v xX tan y—2m =O; 
therefore, the distance g’ g’ of g’ from B’ f’ is propor- 
tional to uw; + v, tan y — 2m; but, in connection with 
Fig. 2 it was found: p=m/(sin?a+sin’?b); gq 
= m (sina cosa + sin b cos b) hence, substituting, g” g’ 
is proportional to 


tan y (sin a cosa + sin b cos b) — cos? a — cos? b 
tan y (smacosa+sinbcosb) + cos?a + cos?b 


substituting for tan y, sina, ete. their expressions as 
functions of the slip and the constants of the motor 
gives, after some transformations: g” g’ is proportional 
to (1 — s)? and to S?; therefore, f’ g’ is proportional to 
S?, and, if U’ is the point of synchronous speed, 


-s 


Feb. 1922 


KG, 

Ts h! s 

It can easily be seen that N’ f’ is parallel to the tangent 
B’j’ at B’; the triangles B’ L’ EK’ and B’ L’ U’ are, 
therefore, similar to B’ f’ g’ and B’ f’ h’ respectively; 


Sia 


if? g’ oe B’ ft £ h’ B’ ‘i 
aA BR Pt Ty Bo 
ee tems Ett. Be 
which gives Tyee EF ET x BE ° 


It is, generally, L’ EH’ = LE 


constant of inversion between c. c. d. and ec. v. d. 
OLXOE ; 


and similar relations for L’ U’, B’U’, and B’ E’; 
substitution shows that 


x 


LeBel) Bers (0s pee BU 
Eat Br peaty, F BE’ 
LE Bibhass of'g 
but Telisks SeE ants 2 
fg eg? 
theref ‘; s = , C= SP. 
rerore f fh 


It was found that 
tame A Ne e— 1/2 tan ¢ A’ NOC’, 
i. e. U’ is nearly equidistant from A’ and C’; since 
A’ C’ isLto B’ N’ and far from the center of inversion 
the point U in the c. v. d. is nearly equidistant from 
A and C, and can be located by the eye. Usually, 


however, the no-load point C can be used instead of U; . 
eq. (5) gives then the speed with the no-load speed as © 


unity. 
TORQUE 
The torque in synchronous watts is 
_ rotoroutput EGXV 
7 S = S : 
The following approximate expression can also be used; 


it can be shown that S? is approximately equal to the 
efficiency of the rotor:® 


caants ee (Fig. 4) (Sa) 
Therefore, approximately: 
Torque in synchronous watis = eae 
vo os 2) Sh sige aa dee EE 
= \/ (rotor output) (rotor input) (6a) 


It remains now to establish a few analytical relations 
useful for the construction of the locus from the test 
data. The branch r; — x, — X of the circuit of Fig. 1 
is equivalent to an impedance whose elements can 
conveniently be determined from the c. c. d. of Figs. 2 

6. A. S. MeAllister, “Simple Cirele Diagram of the Single- 


Phase Induction Motor’”’ Electrical World, June 30, 1906. See 
also Appendix 2. 
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and 3 by observing that a point H’ of coordinates u 
and » the equivalent resistance is 


te sol v 
Sac peed ance cam 
and the equivalent reactance 
Ree she Paes Edel! jee =% +X—-—u/I’. 


Substituting for uw and »v their values as functions of 
sina, sinb etc. and denoting 1+ 2#./X by k (with 
k = ~1), it is found: 

At the locked point L’, s = 1: 
Equivalent resistance = r; 


=~vni+t2/k? (7) 


To ‘ne 
TBF (/ XP 

Equivalent reactance = 2; 
A [ro? + & (X + 22)| 


is to? + (X + 22)? 
To? 
09 eee 
=x, + oe -=~%+%/k (8) 
ie Ts C16 eae 


At the no-load point C’: 


Equivalent resistance = r, + ai (9) 

. xX? 
Equivalent reactance = 4, + X — Tae eae 

2k—-1 
=%1+X ot te (10) 

At the point A’: (11) 
Equivalent resistance = r; 
Equivalent reactance = x, + xX ae (12) 
At the point B’ (s = « ); 
Equivalent resistance = 1; (13) 

F X? 
Equivalent reactance = 2, + X — Rion 

= 41 + X2/k (14) 


CONSTRUCTION OF THE DIAGRAM FROM TEST. DATA 


The necessary tests are: 1. Resistance r:; 2. Locked 
point L: I, amperes, W, watts, cos ¢, = power factor; 
3. No-load point C: I, ampere, Wo watts. The 
open rotor circuit point test should also be made, 
whenever possible (slip ring motors, repulsion-induc- 
tion motors).”? One of the difficulties of the problem 
is the fact that the point A is not given by the test; 
in the majority of methods of constructing the diagram 


7. The no-load test point corresponds to a small friction 
torque; experience shows that a correction for this torque, 
theoretically simple, is not necessary. 
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A is considered as coinciding with C; when this is 
permissible, as in large motors, it greatly simplifies 
the construction; but in small motors the are A C is 
not always negligible, and it is necessary to find the 
point A, which involves certain complications. 

The small chord A C, Fig. 2, is nearly Lto the dia- 
meter A O, and (equation 4a) nearly equal to 


rotor lossatC 
V , 
moreover, with y very small, A C nearly coincides in 
direction with O; A; therefore, 
rotor loss at C V 


0;C =~0,A— iv = 27; 
*. T2 i 
— Ife x 9 ke x V ’ 
(equation 9); equation (7) shows that 
To W, < 
alae & Al 3 


with this value O; C can be calculated and O; located on 


OY; the circle 3 of radius aie is then drawn and 


25 


determines the points O and A, the latter as the inter- 
section of the circle 3 with O;C produced (or, more 
accurately, with the inverse of A’ C’, 7. e. with a circle 
passing through O and C and having its center on the 
line OB, LtoO Y). 

The next step is to calculate the angle y; it is always 
so small that the following method is sufficiently 
accurate: x; and %#» are calculated from equation (8) 
which gives: 2%, + %/k = ~ (a; + %) = 
x sing,; it may be assumed that x, = ~ 0.6 to 0.7 
of (x; + %); X is calculated from equation (10) as 
follows:® 


ee ee em, + X/2 = Vile 
equation (7) gives r./k? as above; with these data 
tan y = YX ‘ Coat to/k? X an 


can be calculated. The center O, of the locus is the 
intersection of the perpendicular bisector of C L with 
a line passing through A and making an angle 90 — y 
with O; A. Asa check, it will be found that the point 
A found above is either on the locus or at a negligible 
distance from it. 

If the object of the test is the determination of the 
constants of the motor, more accurate values of 


8. If the open rotor cireuit test is available, it gives directly 


yi+2=~ it may be observed, however, that this test, 


eurrent 
made with the rotor at rest, cannot be considered as giving the 
point. VN and used for the determination of the circle 3, because, 
unlike N, it does not correspond to the same conditions of the 
core loss and friction as the point C. 


Vii, - 
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2; + #./k and X can be found from the diagram as 
follows: If @= is the angle of lag at B, then equations 
(13) and (14) give: 
OB, 
BB, (15) 

On the basis of equation (11) and (12) X is calculated 
from the equation 

2 
Pre =( 


(n+ x255* : 


01 + wo/k = rutan da, = 7% 


sii 


a) 
OA 


(16) 


with k calculated with the previously found preliminary 


value of X. 

If it is desired to calculate the rotor loss by the exact 
method (App. 1), the point N on the circle 3 can be 
located by observing that 


ON = = ae 
Jre+ X +a) 


i hod qomust 

If O; is at an inconveniently great distance from the 
locus, the necessity of drawing the circle 3 can be 
avoided as follows: The angle 8 (Fig. 2) of the hori- 
zontal A J with the tangent A j to the circle 3 is given 
by 


AJ 


sin B = as Spee tenis 
A C is nearly Lto the diameter A O., which makes an 
angle y with Aj, i.e. A C makes anangle = ~ 6+ vy 
with O Y; y iscalculated as shown above; the direction 
and length of 


cP 


AC =~ Id ay 
determine the point A and the locus 2. It can easily 
be seen that 
P65 oss ae. 


i. e. the point O is the intersection of O Y with the 
bisector of the angle J; Aj; this bisector can be drawn 
by theeye. Finally, the point B (s = « ) is determined 
by the angle O, A B as follows: In Fig. 6 let R be the 
radius of the locus and Aj = the tangent to the circle 
3; then, : 


sin Z AO; M = sin (a + ¥) - 45- 
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hence, developing, 


age 2714 


ta. es ce 
na V tan y (17) 


_-Fig. 7 gives an example of the diagram applied to a 
1/4-h. p., four-pole, 60-cycle motor. Resistance r, 
= 6.8 ohms; no-load test: 220 volts, 2.04 amperes, 
116 watts; locked test: 220 volts, 8.46 amperes, 
1300 watts. For this motor y = 3 deg. 37 min., ¢ 
= 36 deg. 33 min., 6=3 deg.6 min. The coefficients in 
equations (2) and (3) are 0.998 and 1.011 respectively. 
Brake test points are shown in the diagram. 


Appendix I 
In Fig. 4A let 5 be a circle described on B’ N’ as 
diameter. This circle is the voltage locus of a poly- 
phase motor of exciting reactance X and of constants 
11, 21, Ts, X2;° it passes through L’ because Z B’ L’ C’ 
= 7/2. Ata point H,’ the rotor current is a : 


and the rotor loss 


Fig. 7 
N’ BE,” ON BSN! KO Er, 
— iva xX tro = — X2 
Riek BG COG Ma ari cay : 
ere re ety a hE RCL, 


7. e. the same as for the single-phase motor at LE’. 
The current locus corresponding to 5 is a‘circle 6 of 
center O,; passing through N, Land B and normal to the 
circle 3 at N,° the points E, and E lie on the inverse 
of the line EL,’ E’, i. e. on a circle 7 passing through O 
and having its center O; on OT’. Since E,’ and E’ 
correspond to different voltages O E,’ and OE’, the 
rotor losses in the c. v. d. are in the ratio 


O Ey’ ) IRE ag ke ) 
( O E’ =( O Bas tek 
The polyphase motor rotor loss is proportional to 


N EY, therefore, the single-phase motor loss is pro- 
portional to 


NEY Xx (oR) » 


9. See Jounnat A. I. E. E., April, 1921, pp. 326-332. 
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and the coefficient of proportionality is found by 
reference to the point L where the loss is? D, L x V 
(with D, LLto N O,) which gives 


N E, y 
OE, 


DL 
NE (4) 


Rotor copper loss = O E? ( 


XV 


Appendix II 
At a point H’ (Fig. 3) of coordinates u and », the 
rotor input = EH’ K’ x I’ = v xX I’; the rotor output 
= (E’ K' — G@’ K’) I’ = (v— u tan y) I’; rotor efficiency 
_ %—utan y 
v 
sina X cosa + sinb X cos b — (sin? a 
+ sin? 6) tan y l 
sina X cosa + sinb X cosb ; 


substituting for sin a etc. their values and transforming, 
it is found: 
2s—s?— tan? y 


Rotor efficiency = (1— s)? X 5 


Zee bey ©) 


If tan? vy is small relative to 2 s — s?, as at the point of 
maximum torque, then 


Rotor efficiency = ~ (1— s)? = ~ S?. 


Discussion 


V. Karapetoff: Mr: Kostko deserves much credit for having 
consistently followed what may be ealled a graphico-analytical 
method of solution of the single-phase induction motor, without 
the use of complex quantities. He is somewhat in the position 
of an arctic explorer who went to verify indefinite rumors about a 
favorable passage, and proved concisely that there was none. 
Someone had to do it. but few will appreciate the real value 
of a contribution consisting of a negative result. To me Mr. 
Kostko has proved only that by the method which he adopted 
no particularly useful results can be obtained either for a de- 
signer, an operating man, an experimenter, or a theoretical 
investigator. In order to use his results intelligently, one has 
to study carefully about twelve columns of weary mathematics 
and several complicated geometric figures. And when one finally 
arrives at the end, one finds the familiar old fact that the no- 
load and short-circuit tests alone do not determine the cireular 
locus. It is necessary to use approximate relationships and 
empirical coefficients as given in his paper.! The limits of 
validity of these assumptions, or the magnitude of error commit- 
ted, would be difficult to estimate, especially with a new motor 
of unusual constants. 

To me the present situation and the possible future progress 
in the quantitative theory of the single-phase induction motor 
seem to be as follows: 

(a) The “one variable’ diagram. The difficulty with either 
the rotating-field or the cross-field theory of the single-phase 
induction motor is that both lead to equivalent diagrams with 
Thus, in Mr. Kostko’s Fig. 1 one branch 
has the variable quantity r2/2 s, and the other has r2/2 (2 — s), 
where s is the variable slip. It has been shown some time ago 
that the single-phase motor may be replaced by an equivalent 


1. A. I. E. E., Journau Jan. 1922, p. 35, first column. 
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diagram with one variable branch only (see V. Karapetoff, 
JouRNAL of the A. I. E. E., Vol 40, 1921, Aug., p. 641. Fig. 3). 
This diagram admits of a much simpler analytical or graphical 
treatment than either of the two usual diagrams, and should be 
used in the future. 

(b) The circular locus. In the ‘‘one variable’? diagram men- 
tioned above, the admittance of the variable branch is 
s (2— s) Y., where s is the slip and Y, is a constant admittance 
which characterizes a given motor. Thus, the locus of the vari- 
able admittance is a straight line in the direction of the vector Y,. 
A constant admittance, (X + Z +r)“, is added in parallel to 
this admittance, still leaving the straight-line locus. The first 
inversion gives a circular locus for the equivalent impedance. 
Two more inversions are necessary to account for the remaining 
constant parts of the circuit, but the inverse of a cirele is also a 
circle so that the final result is a circular locus. This is the sim- 
plest exact proof of the circular locus of the single-phase induction 
motor that I know of. No complicated analytical or graphical 
proof is necessary. 

I have shown on another oceasion that it is not necessary to 
change the circle at each successive inversion, but that the first 
circle and the last circle can be made to coincide by properly 
changing the scale (See Sibley Journal of Eng’g Vol. 32, 1921, p.42). 
Therefore, for a single-phase induction motor of given constants 
it is now possible to construct a cirele diagram of a current, with 
hardly any computations, except for measuring a few lengths 
and taking their reciprocals. This diagram also inherently 
contains slip values. Knowing the primary current, its phase 
angle, and the corresponding slip, it is not difficult to compute 
the remaining characteristics. 

(c) The analytical method. The same new equivalent diagram, 
mentioned above, leads to the following expression for the equiv- 
alent impedance of a single-phase induction motor: 

Zq=2i + [¥Y+{X4+ (X44 24774 ¥.82—-s) 7} ] 

(1) 
In this formula all the quantities are motor constants, expressed 
as complex numbers, and the only variable is the slipss, By 
giving different values to s, the values of Z., can be computed, 
and the corresponding values of current vector found by dividing 
the applied voltage by Za. It is true that at the present time 
numerical computations with complex quantities are somewhat 
tedious, but then one has the advantage of using a formula 
which contains only standard operations of addition of impedance 
in series and admittances in parallel. One does not have to 
study acomplicated analytical theory with special vector diagrams, 
several angles, simplifying assumptions, ete. 

Formula (1) probably represents the simplest analytical 
expression for the motor in question, since it corresponds to a 
diagram with but one variable branch. Our next problem is 
not so much to simplify this expression as to devise a simpler 
method of computing complex quantities. At the present time 
the most convenient method seems to be to use the trigonometric 
or exponential form for multiplication, division, and reciprocals; 
and to use the orthogonal form for addition and subtraction. 
The writer has constructed a chart and a device (vectrometer) 
by means of which changes from one form to the other takes 
less time. The final solution of the difficulty should be a com- 
puting machine made to add and to multiply complex quantities 
directly. Such a machine would be very useful in many com- 
putations relating to a-c. machinery and circuits. 

(d) The circular locus from a test. It is a well known fact that 
the no-load and short-cireuit tests alone are not sufficient to 
determine the circular locus of either a polyphase or a single- 
phase induction motor, since a cirele has to be determined by 
three points. In large and medium-size polyphase induction 
motors of usual proportions the center of the circle usually lies 
on a certain horizontal line determined by the no-load losses, 
but for small single-phase motors this assumption is not per- 
missible (See for example, Mr. Kostko’s Fig. 7). 
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The tangent from the origin to the circle determines the point 
at which the power factor is a maximum and this may be a 
convenient additional datum to make the cirele definite. I know 
from experience that this method works well on a small polyphase 
motor. To obtain this value, a reliable power-factor meter is 
connected in the motor cireuit and watched while the motor. is 
coming up to speed, or while it is being loaded. Itis easy then to 
read the maximum yalue which the power factor reaches. The 
speed or the slip may also be read at the same time. This test 
gives the direction of the tangent from the origin to the circle, 
and together with the no-load and short-circuit point determines 
the cirele itself, and the ampere-speed characteristic. 

If a power factor meter is not available, a wattmeter may be 
used and read at its maximum indication, as the.machine is 
loaded. This will give the horizontal tangent to the cirele, and 
thus furnish the necessary additional information for drawing 
the circle itself. : 

J. L. Hamilton: Mr. Kostko attempts to get a little more 
accurate analysis of the single-phase induction motor. It is 
doubtful if there is any electrical problem more difficult of 
solution than this one. 

The ‘‘Tilted Diagram”’ gives slightly more accurate results on 
very small single-phase motor of one-half h. p. and smaller. For 
larger size motors the accuracy is not improved very much, by 
using the diagram. 

The present writer has used a number of refinements in apply- 
ing the circle diagram to the small single-phase motor, and has 
always found that it is questionable if increased accuracy is 
obtained. We believe, therefore, that it is better to use the 
simplified diagram as slight variations in the construction of 
the motor and slight differences in the temperature of the motor 
will effect the performance, to such an extent as to make too 
many refinements in calculation useless. 

The present writer has for a number of years used the simpli- 
fied diagram for single-phase motors as is covered in a paper 
presented before the A. I. E. E.? 

It is important, however, to have a clear undérstanding of 
the assumptions, and approximations used inmaking calculation. 
Mr. Kostko’s paper deals with some of these approximations in 
a very definite manner. 

J. K. Kostko: In my preface I stated explicitly that my 
object was the construction of the current locus from test data. 
Prof. Karapetoff’s note deals almost exclusively with a question 
which is entirely outside of the scope of the paper—the con- 
struction of the diagram and the predetermination of the per- 
formance from the design data of the motor. My paper is 
mentioned only in the first paragraph, and the mention consists 
of a number of statements of such general nature that, unfounded 
as they are, it would be a hopeless task to try to refute them in 
their present form, especially in the short time given to me for 
reply. For certain reasons I must abandon the attempt to 
obtain some'light on the meaning of these statements, and con- 
fine myself to a short discussion of the only definite statement, 
which is, apparently, the key to the rest of Prof. Karapetofti’s 
criticism. I refer to the statement: ‘‘one finds the familiar 
old fact that the no-load and short-cireuit tests alone do not 
determine the circular locus.” 

The fact is, indeed, old and familiar—and has nothing to do 


with the method of the paper, which is based on three tests, not 


on two, as clearly stated in the paper. 

The problem of constructing the circle diagram from the 
no-load and locked tests alone has been completely solved in 
the classical works on this subject; they show the necessity of 
certain simplifying assumptions and prove the futility of all 
methods such as the one imputed to me by Prof. Karapetoff, 
i. €., where it is sought to make further progress without addi- 
tional physical data. 
data be obtained from certain tests involving the use of mechani- 


2. A. I. E, E, Trans., Vol. XXXIV, 1915, Part IT, p. 2443. 


Prof. Karapetoff suggests that these | 
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cal power; but this drastic remedy, which would greatly impair 
the practical value of the circle diagram, is entirely unnecessary, 
because by the method of the paper the accuracy can be ex- 
tended beyond the most exacting requirements of practical 
work without the complication of unusual and difficult tests. 
In this method I take advantage of the fact that, while we speak 
of the no-load and locked tests alone, we always make one more 
test: We measure the primary resistance r;, without which the 
cirele is of no value for the applications; I use this resistance 
not only for the study of the performance, but for the construc- 
tion of the diagram itself, by proving that the current circle is 
in a simple angular relation to another cirele, of radius deter- 
mined by the primary resistance alone (circle 3 of the paper, of 
radius V/2r,;). The principle is quite general; I found it 
applicable to many types of machines; its advantages are very 
well illustrated in the case of a polyphase motor’, where the circle 
of radius V/2 r; is determined in magnitude and in position, and 
is normal to the current locus; by this condition the latter is 
completely determined without any simplifying assumptions or 
additional tests. The diagram of the single-phase motor is 
not so simple; but even in this ease the results are far more 
accurate than with the two tests only, as follows from the fol- 
lowing considerations: 

The inherent errors of the method are (1) the exact location 
of the point A (which determines the position of the circle 3) 
is not known; (2) the angle of tilt gs + y ean be determined only 
approximately; gs = angle between the horizontal and the 
tangent to the circle 3 at A; 7 = angle between this tangent 
and the line A O, through the center of the locus; it can easily 
be seen that 

Ti t rT; 
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tan p/2 = 


Asto (1): The point A is determined by its (directed) distance 
A C from the no-load point C; this distance (which is the meas- 
ure of the rotor copper loss at no-load) is so small, that it is 
simply neglected in all methods known to me, 7. e., the point A 
is considered as given directly by the no-load test; but even 
when it is desired to take A C into account, the error committed 
on it is very small (= error of the approximate formula 7 of the 
paper), so that the point A can be located without an appreci- 
able error, thus accurately determining the circle 3, its tangent 
at A and the angle g; in other words, the introduction of the 
circle of radius V /2 r, practically eliminates the error of the tilt 
due to the primary resistance and reduces the error of the 
method substantially to that committed on the small angle 
y. In small motors y is usually of the order of magnitude of 1/3 
to 1/4 of the total angle of tilt, so that the error of the method 
ean be described as a small error committed on a fraction of a 
small quantity. 

Taking, for instance, such abnormal values as 20 per cent 
error on y and 15 to 20 degrees angle of tilt, the error is of the 
order of one degree; it is certainly not greater than the error 
due to the unavoidable assumptions, such as non-saturated 
magnetic circuit and sine wave currents. 


3. Journal A. I. E. E., April 1921, p.326. 
The circle of radius V/2 r1, is a familiar feature in the theory of syn- 
chronous motors (circle of zero power). 
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A numerical estimate of this error would be very difficult; 
but a graphical study of any individual case can very simply be 
made as follows: With the constants of the motor (either given 
or approximately determined from the diagram) the exact dia- 
gram is drawn by any of the numerous available methods; 
then, assuming that only the primary resistance the no-load 
and locked points C and L are known another diagram is drawn 
by the method of the paper; the comparison of the two diagrams 
shows at a glance the order of magnitude of the error due to the 
method itself, 7. e., excluding the influence of errors common to 
all diagrams such as saturation, ete. In Fig. A this comparison 
is made for a 1/20 h. p. motor whose constants are derived from 
the diagram of Fig. B constructed from test data; the numbers 
with accents refer to the exact diagram. As seen even in such 


Fie. B 


a small motor the error of the method has no appreciable in- 
fluence on the diagram within its working range, where both 
circles practically coincide. No additional test could give better 
results. . 

I agree with Mr. Hamilton that there is little advantage in 
the use of the exact diagram above 1/2 h.p. (4pole). The use 
of the tilted diagram can be facilitated by a gradual extension 
of simplifying assumptions as follows: (1) exact diagram; (2) 
point A coincides with the no-load point; (3) same as (2) and 
negligible rotor resistance, angle »~=0; (4) same as (3) and 
negligible stator resistance, 7. e. non-tilted diagram. 


4. For instance, the admittances of the points A, C, L and B can be 
calculated from the impedances given by,the (exact) formulaes (7) to (14) 
of the paper; these admittances determine the points A, C, L and B, i. e., 
the circle as well as the power lines C Land A B. 


Polyphase Commutator Machines 
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In a certain type of frequency-changer which consists of an armature similar to that of a synchronous con- 
verter, viz., a type of direct-current armature with slip rings on one side and a commutator on the other, the energy loss due 


to the currents flowing in these conductors is here analyzed. 


The energy loss appearing as heat depends upon the degree to which the currents which flow in or out at the com- 


mutator end or the slip rings compensate one another. 
currents while the latter are alternating currents. 


In the case of the synchronous converter the former are direct 


In the case of the frequency-changer, they are alternating currents of different frequency. 
This paper analyzes the losses taking account of the time and space overlapping of the currents and gives the results 
for different numbers of phases and for different power factors. 


I? R LOSSES IN FREQUENCY-CHANGERS 


F we have an induction motor stator connected to 
| a polyphase source, and a commutator rotor of 
the same number of poles provided with, say, three- 
phase stationary brushes, then as we start to rotate 
the rotor in the same direction as the air gap field is 
rotating, the frequency at the brushes remains the 
same as that fed into the stator, but the voltage between 
brush studs gradually drops as the speed rises 
towards synchronism. Upon passing through syn- 
chronism the voltagesreverse; but the direction of phase 
rotation remains the same, as this depends upon the 
sequence with which the air gap field cuts the phase 
bands of conductors on the rotor, and these phase 
bands are stationary. The frequency at the brushes 
also remains constant, of course. 

Below synchronism, if power is drawn from the 
rotor the machine will be acting as a motor; that is 
to say the kilowatts input to the stator will be greater 
than the electrical output from the rotor. The rotor 
action itself, however, is that of a generator, and if 
the current drawn from the rotor is a lagging one, a 
demagnetizing action will be produced. 

After passing through synchronism mechanical power 
will have to be put into the shaft when power is with- 
drawn from the rotor and then power will be simul- 
taneously delivered by the stator. The relative di- 
rection of motion’ of any one rotor conductor and the 
field will have become reversed and consequently also 
the direction of generator current in such conductor; 
but the direction of the field relatively to any one 
phase band of rotor conductors remain as before; hence 
a lagging current in the circuit supplied by the rotor, 
which previously produced a demagnetizing action, now 
produces a magnetizing one, and we have so far as the 
rotor alone is concerned an a-c. generator whose voltage 
increases upon an inductive load and drops upon a 
capacity load. The corresponding case without a-c. 
excitation of the stator, would be that of a salient pole 
stator with the commutator brushes rotating in a 
direction opposite to thatoftherotor. Suchagenerator 
ought to self excite when connected to an inductance; 
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or if excited by direct current on the stator, would havea 
negative regulation upon an inductive load. 

Coming back to the first case and making the number 
of conductors the same on the A-connected stator and 
rotor, as also the coil throw, but the direction of coil 
progression different, we have a curious combination, 
when this machine is driven at twice synchronous speed. 
If, say, an a-c. supply be connected to the stator 
only, a magnetizing current will be drawn from the 
supply, having the usual 90 deg. lag. If instead, 
the rotor be connected to this supply, the same amperes 
of magnetizing current will be drawn, but the current 
will be leading by 90 deg. Consequently, if both stator 
and rotor be connected in parallel to the supply, the 
magnetizing current can circulate between the stator 
and the rotor without any being supplied from the 
outside system. To obtain this circulation of mag- 
netizing current, the small voltage required for J R 
and leakage reactance purposes must be obtained; 
the former would be immediately provided by a slight 
shift of the brushes, causing the phase bands on the 
rotor to be slightly displaced from those on the 
stator. In this case the voltage of the machine, being 
controlled by the excitation current circulating be- 
tween stator and rotor, would be adjusted by 
slight movements of the brush ring backwards or 
forwards. In sucha machine the field rotates in the 
same direction as the rotor at half the speed of the 
rotor and consequently a rotor conductor is cutting 
the field in a direction opposite to that in which the 
stator conductor, immediately opposed to it, cuts 
the field, the two speeds of cutting being the same. 
Hence we have in the case of such a machine acting as 
a generator, complete compensation of the stator 
ampere conductors by the rotor ampere conductors 
immediately opposite to them. Such a machine 
should prove self-regulating. 


In addition to the J R voltage required to circulate 
the magnetizing current, there will be required on ac- 
count of the slight magnetic leakage of stator and 
rotor conductors, a small component voltage in the 
same phase direction as that of the voltage produced 
by the air gap field—in phase for the rotor, out of phase 
for the stator. If this were not taken care of, the 
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load current would divide unequally between stator 
and rotor. Probably a small a-c. excitation of vari- 
able voltage and field phase, will have to be inserted, 
the line terminals being located at centers of phases 
of exciter windings. 


St 2 
Kv. 


Exc2 


The type of machine here dealt with is that in which 
a commutator and set of slip-rings are connected to 
a common winding, the rotor thus being similar to 
that of a synchronous converter. 

In the case of a synchronous converter, a field struc- 
ture with separate excitation windings is used, but it 
would be possible to produce the requisite magnetizing 
force by alternating currents introduced at the slip- 
rings, or by direct: current at the commutator. In 
fact converters have been proposed in which the whole 
mechanical structure remains at rest except the system 
of brushes which plays upon the commutator. In 
this case the magnetic field rotates in space synchro- 
nously with the brushes, and the external structure 
has neither salient poles nor windings but serves 
merely to close the magnetic circuit of the rotor. 
Although both elements, corresponding to the stator 
and rotor of the synchronous converter, remain at 
rest here, it is still necessary to employ a considerable 
air gap in view of the fact that the distribution of 
three-phase or six-phase currents in the armature 
winding, while nearly cancelling the distribution of 
direct currents over each pole pitch, do so only on the 
average, leaving relatively large uncompensated posi- 
tive or negative ampere turns of armature reaction 
locally, which fluctuate both in time and in position 
relatively to the tap points and to the brushes. This 
feature which similarly becomes objectionable in the fre- 
quency changer discussed below, can be mitigated by 
chording the winding. 

Now if in the above type of machine, the brushes 
should be rotated at a speed other than that at which 
the air gap field rotates, alternating current would 
clearly be drawn from the machine instead of direct 
current, and the frequency of the commutator current 
would correspond to the speed difference. Further, 
should three sets of brushes per pair of poles be evenly 
disposed upon the commutator instead of two, three- 
phase currents would be withdrawn. For mechanical 
convenience we may evidently bring the brushes to 
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rest, maintaining the same relative velocities by rotating 
the remainder of the structure, or by rotating the wound 
armature only. We then have the frequency changer 
about to be discussed here. The proper chording 
of the coils to minimize the irregularities of resultant 
armature reaction has been specified by Lamme! to 
be approximately half the angle between consecutive 
brushes on the commutator; for instance, if we had 
six brushes on a two pole commutator the coil span 
would be made 150 deg. or 210 deg. instead of 180 deg. 
Before considering the J?R losses in this machine 
it will be well to obtain a clear picture of the conditions 
arising by noting a few salient features. 
Fig. 1 represents diagrammatically the rotor of the 
machine. 
Let us represent by 
p the number of pairs of poles. 
f; the frequency at the slip-rings. 
fo the frequency at the commutator. 
Then we note that 
1. The magnetic field must rotate relatively to the 
rotor with a speed in revolutions per second of 
m, = fi/p 
2. It must rotate in space, or relatively to the 
brushes on the commutator, with a speed of 


Ne = fo/p 
3. The rotor therefore has a speed of 


(fe — fi)/p 
4. It is to be noted that (3) gives us the choice of 
two speeds; for f. may be positive, in which case the 
phase rotation at the commutator is the same as at 
the slip-rings, A B C, or it may be negative correspond- 
ing to a reversed direction of phase rotation on the 
commutator; f; is taken as positive always. 


Air-gap field 


Af 
SHH 
FF 


Fig. 1 


5. The direction of rotation of the rotor is the same 
as that of the field relatively to the stator, if f, is greater 
than f,, or if fo has any negative value. It is the 
reverse of the direction of rotation of the field relatively 
to the stator if f. is positive and less than f;. 

6. The generated voltage of the first frequency, 
measured from one slip-ring tap point to the next, 
corresponds directly to the number of armature 
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conductors, the field strength, and the relative speed 
of field and conductors, or to f,/p. 

7. The generated voltage of the second frequency, 
measured between consecutive brushes on the commu- 
tator, corresponds similarly to the number of conduc- 
tors, the field strength and the same velocity. 

8. Thus if we have the armature tapped for six 
phase. slip-rings, and brushes on the commutator for 
six phases also, the generated voltage of frequency fh, 
between slip-rings connected to consecutive taps, 
will be the same as that of frequency f, between con- 
secutive brushes; the currents also will be equal, 
barring magnetizing current and a small component 
which provides part of the power lost in the conversion. 

9. The commutator frequency f, may be either 
higher or lower than the slip-ring frequency f;. But 
if one of the two frequencies is to be a very low one, 
it is advisable to adopt the lower for the commutator, 
and this becomes essential if the lower. frequency is 
to be subject to variation passing through zero, that is, 
changing its direction of phase rotation. In deciding 
which frequency to assign to the commutator, it will 
be noted that: 

a. The mechanical speed is the same in either case. 

b. The core loss is not greatly affected by the choice, 
since the field rotates at a speed corresponding to the 
one frequency, relatively to the stator, and the other 
frequency relatively to the rotor. 

c. The relative speed of rotor and field should be 
high, for minimum size of machine; 7. e., the slip-ring 
frequency should be high. 

d. With reference to commutation, the transformer 
action in the coils connected to the segments under 
the brush will be the smaller the lower is the frequency 
on the commutator side. 

e. The frequency can be brought down to zero at 
the commutator, but not at the slip-rings. 

On the whole it is usual to assign the higher fre- 
quency to the slip-rings, but no assumption on this 
point will be made, and the results will apply equally 
either way. As regards the two possible rotor speeds, 
we shall find that by adopting a suitable convention 
with regard to the sine of ¢, the angle of displacement 
of current on the commutator side, the results obtained 
apply equally for either speed, 2. e., for f. positive or 
negative. 

Now the currents in the rotor will result from the 
combination of the slip-ring currents at frequency /f,, 
and the commutator currents at frequency fo. 

Generally, in the case of superposed currents of 
two frequencies, the determination of the mean [?R 
loss averaged over a few cycles, is simple, as each set 
of currents involves its own loss, and the net resultant 
loss is merely the sum of the two separate ones, irre- 
spective of their relative magnitude or phase. In 
the present case, these simple relations do not hold, 
for although in any one conductor we have merely 
current of the first frequency introduced via the slip- 
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rings, and for brief periods, we similarly have the actual 
current of the second frequency superposed in the same 
conductor, yet before one cycle is complete, the rela- 
tive movement of commutator and brush has trans- 
ferred this conductor into another phase group of 
the f. system. 

It becomes necessary to view the cycle of events for 
atypical conductor, and then by a system of averages— 
or simple integrations— to arrive at the resultant loss. 

We may start from the basis that should power be 
mechanically transmitted to or from the rotor, enabling 
the one system to operate alone, then the distribution. 
among the arms of the delta-connected rotor of the 
Y-currents introduced at the slip-ring taps, or at the 
equivalent taps corresponding to the instantaneous 
positions of the brushes, will necessarily follow the 
ordinary Y—A courses; and by the symmetry of the 
system, the voltage upon the idle taps or brushes, as 
the case may be, will form a symmetrical three-phase 
or six-phase system. As this applies to the case of 
operation with power being supplied either via the 
commutator or via the slip-rings, the result of super- 
posing the two will leave balanced conditions and 
we may therefore consider that each set of currents 
upon entering the rotor divides up among the delta 
arms in the orthodox way, so that at any instant the 
actual current in any conductor is the sum of the two 
corresponding instantaneous currents. The same rea- 
soning may, of course, be applied to other numbers of 
phases than three or six on either or both sides. 

We now require a simple way of viewing the life 
history of a typical conductor, determining for any 
one instantaneous value of the f, current the range of 
values of the f. current. We can most readily do this 
by reference to the only feature which is common to 
the two frequencies, viz.: the armature reaction: To 
render this process more clear, we shall on paper bring 
the air-gap field to rest in space by rotating the brushes 
on the commutator, and by readjusting the rotor speed 
suitably. 

Assume the field to be rotating clockwise, viewed 
from a given side of the machine. Superpose upon 
the whole machine a counter clockwise rotation of 
fo/p revolutions per second, thus bringing the field 
to rest in space while the brushes rotate counter- 
clockwise at this speed. Note that f. may be negative. 


We can now readily picture the current distribution 
in the rotor, since the armature reaction ‘of the f;, 
currents, and again that of the f. currents, will be 
represented each by a diagram fixed in space (although 
slightly pulsating or varying). Although produced by 
currents of different frequencies, these two diagrams 
will have the same number of poles, and on the average 
will cancel one another, the one being, at every instant, 
nearly superposable upon the reverse of the other— 
if for the moment we ignore the magnetizing current. 

We have two methods open to us of investigating 
the I? R loss; we may do so (1) by considering the loss 


Feb. 1922 


occurring, from moment to moment, in the succession 
of conductors which occupy a point fixed in space, 
upon the rotor periphery; then averaging this up with 
respect to time, and again with respeet to angular 
position. 

Or (2) we may consider a marked conductor upon 
the rotor; average the loss occurring in it; and again 
average this up for all positions on the rotor. This 
latter method enables us to discriminate between 
conductors near to, and far from the slip-ring taps, 
and thus has an advantage. We shall adopt this 
procedure, and we shall first omit the magnetizing 
current, in order to make the procedure more clear. 

With this omission, we have the same power factor 
on the two sides of the machine. That this must be 
so, can be seen by considerations along the following 
lines: The same air-gap field is responsible for causing 
the generated voltage of each frequency, and it is 
stationary in space. The armature reaction diagram 
of the currents of frequency f; must be generally similar 
to that of the currents of frequency f., except for sign 
since the sum of the two produces the working field 
and we are neglecting the magnetizing current for 
the present. But the armature reaction of the watt 
component of current of either frequency has its polar 
center lines at right angles to those of the air gap field. 
Therefore, these two component armature reactions, for 
the two frequencies, have their polar center lines coin- 
cident; the watt component of current of frequency 
fi must be equal to the watt component of current of 
frequency f2, in order to effect balance of mechanical 
torque; and therefore the armature reactions of these 
two watt components balance one another; hence the 
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armature reactions of the two remaining components 
must balance one another, 7. e., the two wattless cur- 
rent components must be equal and therefore the power 
factor must be the same on the two sides. 

- We shall now show, still neglecting the magnetizing 
currents, that for positive values of f2 not only is the 
power factor the same on the two sides, but the sine 
of ¢, which determine whether the current is leading 
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or lagging, is the same; while for negative values of f, 
the power factor is the same on the two sides, but a 
lagging current on the slip ring side is associated with 
a leading one on the commutator side, and vice versa. 

Fig. 2 indicates diagrammatically -a two-pole rotor 
tapped at A BC for three-phase slip rings; the line O F 
represents the stationary polar center line. Assume 
the rotor to be driven in a counter-clockwise direction 


——_—_=» 
Rotor Velocity 
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mechanically and to be acting as an a-c. generator, 
then the current in every conductor of the A B phase 
band will reach its maximum when the center line O L 
of the phase band has some definite angular position, 
say y in advance of OF, where y may be positive or 
negative. If the load be noninductive y will be zero 
and the current will be a maximum in all conductors 
of the phase band at the moment when O L coincides with 
OF. If the load be inductive and the current be lag- 
ging by an angle a, then when the current reaches its 
maximum in the conductors of the A B phase band, 
the center line O L will have advanced beyond OF by the 
angle a, and in the well recognized manner, the con- 
ductors of the phase band will occupy such a position 
that the reaction of the currents in them has a com- 
ponent along O F opposing the main field. 

If now the points A BC, instead of being fixed tap 
points rotating with the rotor, should correspond to the 
momentary positions of brushes on the commutator 
which are rotating in a direction the reverse of that 
of the rotor, then the movement of the center line 
OL by the angle a will be in a clockwise direction in 
the figure. But as the voltage induced in the conductor 
is due to the motion of the conductor, and not that of 
O L, it will remain in the-same direction as before, and 
hence also the current in the conductor if the machine 
is still acting as a generator via A BC. In this ease, 
therefore, a lagging current will produce a reaction 
having a component along OF, tending to increase 
the field strength although the machine is acting as a 
generator and not a motor. 

Hence we have the condition already outlined for 
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the relative phase displacement on the two sides, 
viz., that when f. is positive ¢1 = ¢@2, but when f, 
is negative ¢1 = — de. 

We have seen that the power factor is the same on 
each side of the machine; it follows that the amperes 
per slip ring equal the amperes per brush stud, assum- 
ing the same number of phases each side, for the volt- 
age between rings equals that between brush studs. 

Fig. 3 shows a two pole rotor with chorded windings; 
the right hand diagram shows six phase taps brought 
out, and the left hand three phase taps. The region 
occupied by conductors of one phase, which we may 
call a phase band, is shown by heavy lines, dotted for 
the inner layer conductors and full for the outer. The 
tap is shown as though located opposite the slot con- 
taining the outer layer conductor to which it is con- 
nected, but the inner layer conductor to which it is 
also connected is indicated by a similar letter with a 
circle around it; this is displaced from the outer layer 
conductor by one coil span. O L’ represents the center 
line of the outer layer phase band, and O L” the center 
line of the inner. The effective center line for deter- 
mining the phase relations is O L which is displaced 
from OL’ by half the angle of chording. It will be 
understood that the tap points shown may be either 
actual fixed taps connected to slip rings, or may repre- 
sent the momentary position of brushes on the com- 
mutator; in either case the voltage generated in the 
phase band is the same, being produced by the move- 
ment of the conductors in the field and not by the 
movement of the center line of the phase band. If we 
are dealing with a commutator phase band the center 
line O L may be rotating oppositely to the rotation of 
the rotor itself; z., when f. has a negative value. 

In the figure, O F represents the polar center line of 
the main field and ¥ the angle, measured counter 
clockwise, of OL from OF. We take the component 
of current in the phase band which has frequency f, 
to have a root-mean-square value of unity and we 
define its phase angle as follows: 

If f is positive, + @¢ represents the angle by which the 
current leads with respect to conditions for unity 
power factor. 

If f is negative, + @ represents the angle by which 
the current lags with respect to conditions for unity 
power factor. 

In either case the power factor is cos ¢@ and a mag- 
netizing armature reaction is associated with generator 
conditions when ¢ is positive. 

It will be found that with this definition the current 
component of frequency f in every conductor of the 
phase band A B is represented by 

+ v/ 20s (y + $) (1) 
for either direction of rotation of OL.. Note that 
y is always to be measured in a counter-clockwise 
direction. 

When we are dealing with a specific conductor P 
in say the outer layer, it becomes convenient to specify 
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this by its co-ordinate measured from the center line 
of its phase band in the layer in question, or O L’ for 
the outer layer, instead of from O L, and consequently 
it becomes convenient to deal with the angular co- 
ordinate of OL’, rather than O L, with respect to the 
fixed field axes. It will be noted that we may still 
use expression (1), and define y therein as the angle 
measured counter clockwise from some suitable zero 
line O F’ fixed in space, to the phase band center line 
OL’; further the datum line OF’ will be the same 
whether O L’ is a center line of a slip ring phase band 
and therefore is fixed in the rotor, or whether it repre- 
sents the momentary position of the center line of a 
commutator phase band and is rotating in the same 
direction as the rotor or the reverse. In other words, 
the chording angle does not enter into consideration 
in dealing with the difference of phase of the currents 
of the two frequencies in a conductor, either for positive 
or negative values of fo. 


—_=> Rotor Velocity 
——_ > Brushes, assuming f, Positive 
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THREE-PHASE CASE 


Consider now the case of three-phase slip ring taps 
and commutator brushes 120 deg. apart, Fig. 4, and 
omit magnetizing current for the present. P in the 
figure represents a definite conductor of the rotor; 
it is shown as occurring in phase band A, B, of the 
slip ring side, and in A.B, on the commutator side. 
It remains permanently in the A, B,; phase band, but 
passes successively through the various phase bands 
of the second frequency (commutator). 

Currents then arise in the conductor P having values 
which have already been discussed and represented 


by (1). ‘They have respectively the values: 


V/ 2 cos (yi + >) of frequency f; 
and /2cos(7 + ¥2+¢) of frequency f2 
The difference (y2— y:) may clearly have any value 
between 7/3 + 6 and — 7/3 + 6. Further, every 
value within this range is an equally probable one and 
will occur for the same number of seconds per hour of 
operation, on the average. We therefore require the 
average value of 
2 [cos y — cos(y + ¥) P? (2) 
for all values of y within the range (@ + 7/8), giving 
equal weight to each value. We shall next require 
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the average value of this result for all values of y over 
a range of 27. This will give us the loss in a specific 
conductor; to obtain the entire rotor loss we shall have 
to again average for all possible values of 6, 7. e., between 
+ 7/3 in our present three-phase case. 

For the loss in conductor P we have therefore: 


: Z { eal [cos y—cos(y + vy)? dy 
27 ; 


2H 


where 
Y¥2 = 047/38 
1 = 0-7/3 
which is equal to 
Y2 
ain | dy (1— cos y) (4) 
¥1 
or to 
2— 1.6538 cos 6 (5) 


If we had current of the one frequency only in the con- 
ductor, the corresponding loss would be unity, as we 
have taken the current to have an r. m. s. value of unity. 
Hence the loss, in terms of that due to current of one 
frequency only, is given by the above expression (5). 
This is clearly least for the mid conductor of the phase 
band, 7. e. for 6 = 0 while it is a maximum for the 
two tap conductors for which 6= + 7/8. For these 
two positions the relative losses are, respectively: 
Mid conductor 34.7 per cent 
Tap conductors 117 per cent 
Finally, averaging expression (5) for values of 6 
over its range + 7/3 we have for the relative total 
rotor loss 
2— 1.367 (6) 
or 68 per cent of that corresponding to the current of 
one frequency only. 


SIX-PHASE CASE 
In the case in which six-phase provision is made on 
each side of the machine, the expressions become slightly 
modified to suit a range of 6 of + 7/6, and a range of 
the difference (¥2— ¥1) amounting to 06+ 7/6. 
Consequently expression (5) for the conductor loss 
becomes 


2— 6/7 cos 8 (7) 
and expression (6) for the rotor loss becomes 
2— 18/7? or 0.176 


so that the losses, in terms of those corresponding to 
the current of one frequency only, amount to 
For mid conductor of phase band (min.) 9 per cent 
For.tap.conductor,(max:)cscm.<e eee 35 per cent 
PiokewynGle: COLOL ta: theses wer acre ees 17.6 per cent 


Losses ALLOWING FOR MAGNETIZING CURRENT 


We may have the magnetizing current introduced at 
the slip rings or at the commutator, or partly at each; 
and either side may be the motor side. As a matter 
of fact we may arbitrarily say at which side we consider 
themagnetizing current to be introduced, as this affects 
only our definition of load current in which we already 


FIELD: POLYPHASE COMMUTATOR MACHINES 229 


have a variable phase angle @ at our disposal. The 
case will therefore remain general if we consider the 
magnetizing current to be introduced at the slip rings 
and define the load current as being the current at the 
commutator side, no matter at which side power enters 
the machine, nor which of the two currents is the 
greater. We later give expressions enabling the loss 
to be written down in terms of the current on each side 
of the machine and the known magnetizing current, 
and so avoid the necessity of considering how or where 
the magnetizing current is supplied. 

Take, then, the magnetizing current to be introduced 
at the slip rings, and let the angle ¢ refer to the condi- 
tions on the commutator side and be subject to the 
definition already given on page 54. Take the root- 
mean-square value of current on the commutator side 
as unity, and define: 

m= ratio of amperes magnetizing current to 
amperes load current, 7. e. to amperes on the commuta- 
tor side. 

The expression to be averaged, corresponding to 
(2), is then: 

2 [cos (Wi + 6) + meos (Wi + 1/2) — cos (~. + od) |? 
(8) 
where the upper sign is to be taken if the slip ring 
side is the motor side, and the lower if the generator 
side. Or, we may average: 
2[cos y + msin(y— o)— cos(y + y) » 
between limits zero and 2 7 as regards y and the limits 
for y already used for three-phase and six-phase 
respectively. 

The result is easily found to be: 

[m2 + 2a] + Average value over the y range of 

2[bsin y — acos y] (9) 
where 
b 


a=l+m.sing 
the signs being subject to the conditions stated above 
in connection with (8). 
For the three-phase case the limits for y are 6 + 7/3 
and the relative conductor loss becomes: 

[m2 + 2a] + 1.655 [b sin 6 — acos 6] (10) 
while for six-phase, y varies between @ + 7/6 and 
the relative conductor loss becomes: 

[m2 + 2a] + 1.91 [b sin 6 — acos 6] (11) 
Now a may be taken as positive except when the mag- 
netizing current exceeds the load current being con- 
sidered; and b may be positive or negative; the maxi- 
mum value of (10) will therefore occur for 6 = + 7/3 
according as 0 is positive or negative; and the maximum 
value of (11) will occur for 6 = + 7/6 according to the 
same conditions. Inserting these values we find for 
the worst conductor: 

Three phase 

1.172 + m? + 1.488 m.cos@ +1.172m.singd (12) 
Six phase 

0.3847 + m? + 0.955 m.cosd6 + 0.3847m.sin gd (13) 


+ mMm.Ccos 
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Finally, averaging (10) and (11) for variations of 
6 we have: 
Three phase rotor loss 
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this frequency in the conductor. For any different 
brush stud current, I,, we shall have a correspondingly 
altered slip ring current; also m will be changed, since 
the actual amperes of magnetizing current remain 


m + 0.63 [1 + m.sin ¢] (14) ° ‘ale 
; independent of J,. However, by multiplying the 
Six phase rotor loss previous expressions by J,?r or by I.”r’ as the case 
m + 0.175 [1 + m.sin ¢} (15) may require, we shall have the correct loss expression 
Power Factor Amperes Rotor speed Percentage Losses 
on o Motor on higher or 
Item Phases Com.?2 Slp. Rs. (degrees) side Com.? Slp. Rs. lower Worst Cond. Rotor 
Excluding magnetizing current. 
= | 
1 Three Any Either 1 fi Hither a li 63 
Six s = 1 1 ae 35 17.6 
Including magnetizing current, taken at 30 per cent of load current: 
3 Three 1 0.956 0 Either 1 1.045 Hither 126 72 
4 sf 0.8 lag 0.66 lag — 36.9 SIp. Rs. 7. 1,21 Lower 183 83.7 
5 0.8 lead 0.935 lead + 36.9 sd 1 0.855 * 139 60.7 
6 Six 1 0.956 0 Hither 1 1.045 Either 43.5 26.6 
7 € 0.8 lag 0.66 lag — 36.9 SIp. Rs. 1 12a Lower ore 29.8 
8 0.8 lead 0.66 lag — 36.9 eo 1 1,21 Higher 73.5 29.8 
9 | 0.8 lead 0.935 lead + 36.9 1 0.855 Lower 60 23.4 
10 % 0.8 lag 0.935 lead + 36:9 1 0.855 Higher 60 23.4 
For the purpose of illustration, we give in the for a brush stud current of J, amperes, and we can 


tabulation herewith some numerical values for the dif- 
ferent cases discussed. We take a magnetizing current 
€qual to 30 per cent of the current on the commutator 
Side, or m = 0.3, and we give the losses as percentages, 
in terms of the losses due to the current at the commuta- 
tor side only. 

It will be found that the expressions given later, in a 
different form, see (16) to (19), allow a clearer ap- 
preciation.of the manner in which the loss is influenced 
by the conditions of operation than those set down 
above. 

The previous results may be put into a different form 
which will sometimes be moreconvenient of application. 
In the case of an actual machine we shall know what 
figure to use as an equivalent resistance r such that if 
I, is the (r.m.s.) current per commutator brush stud, 
Ir will be the total loss, W.2, in the armature winding 
due to the commutator currents alone flowing. Simi- 
larly the same value r in J,’r will give us the loss W, 
due to the slip ring currents alone flowing in the arma- 
ture winding, the current into each slip ring having a 
(r.m.s.) value equal to J,;. The magnetizing current, 
for which our symbol is m I, will similarly cause a loss, 
if flowing alone, denoted by W, and given by (m I)? r. 
Further, in an actual case we shall know what value to 
take for r’, viz., an equivalent resistance such that the 
loss in “the worst conductor’ due to the several cur- 
rents taken separately is given respectively by the 
expressions I,?7r’, I,2r’, (Im)? r’. These losses we 
shall also denote by W2’, W,’, Wo’ respectively. 

Now the various expressions we have deduced for the 
mean value of the net current squared, in a conductor, 
or for the average value of this throughout the rotor, 
were based upon a commutator brush stud current 
such as to give unit (r.m.s.) value to the current of 


rewrite them in terms of W,, Wz, Wo ete., since we 
have: 

W, = (m Io)? r W, = (a? + 6?) Ir W, = f[/r 
and corresponding equations in W’ and r’; and by 
means of these we can replace m, a, b, ete. Thus, from 
the definition of a, 6, we have: 

d-—a)’?+b? =m 
and therefore: 
2al2r = W, + W.- Wo 

Expression (14) which, upon multiplication by 
I,.2 r is equivalent to [m? + 0.63 a] I.2 r, becomes when 
re-written: 

0.315 (W, + We) + 0.685 Wo (16) 
and represents the three-phase rotor loss; while the 
six-phase rotor loss is similarly found from (15) to be: 

0.088 (W, + Wz) + 0.912 Wo (17) 

In precisely the same way the loss in any one con- 
ductor at position @ can be written down in the new 
terms, from expression (10) and:(11), viz. 

For three-phase; 
W,’ + 1.655 cot ¢ sin 9W,.’ + [1 — 0.827 cos 0 


— 0.827 cot ¢ sin 6] [(W,’ + W.’ — W,’] (18) 
For six-phase; 

W,’ + 1.91 cot ¢ sin 0 W.’ + [1 — 0.955 cos 6 

— 0:955 cot p sin 6) [W’ + W,’ a Wo’) (19) 


In expressions (18) and (19), @ is introduced as well 
as the W’s. The conditions of operation are really 
completely defined when we are given the values of the 
three W’s, a statement as to which side is the motor 
side, and the two frequencies (including their relative 
signs); hence the presence of ¢ might be avoided. In 
fact an inspection of the vector diagram for the three 
current components (f; load, f. and f; magnetizing) 
will reveal that 
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W.+ Wo- W, 
2/W.2W, 


the upper or lower sign being taken according as the 
slip ring side is acting as the motor or generator side. 
Hence ¢ might be eliminated by means of this equation; 
or alternatively, in an actual case it may be determined 
from this equation, if not independently known, and 
the value used in the expressions given. 

The reference numbers of the expressions derived 
in this chapter for the conductor and rotor losses 
under various conditions and allowing for magnetizing 
current are collected below for convenience of reference; 


sind = + 


Three-Phase Six-Phase 
For loss in whole rotor..... 14 ils 
Ditto, in termsof Wo,W:,W. 16 7 
For conductor loss......... 10 (12) 11 (13) 
Ditto, in terms of Wo’, ete. 18 19 
CORRESPONDENCE 


POLYPHASE COMMUTATOR MACHINES 


To the Editor: 

An article under this heading appears in the January 
issue of the JOURNAL, attributed to myself. In spite 
of the title the Article itself deals with only one type 
of frequency changer, and even for that machine only 
discusses some of the J?R losses, but the broad titles 
which appears above the article has no doubt arisen 
by reason of the inclusion, through some inadvertence, 
of the matter contained in a hastily compiled memo- 
randum dealing with another subject, and not intended 
for publication; this composes the first five paragraphs 
and the first (unnumbered) figure of the article in 
question. 

The error would have been avoided had proofs been 
submitted to me, but in the circumstances perhaps 
you will allow me to make some necessary corections 
now, in the part referred to. 

On page 50 of the JOURNAL in the fourth paragraph 
of the article, reference is made to the characteristics 
which may be expected from a machine comprising an 
induction motor stator and a rotor having a commu- 
tator, both stator and rotor having closed windings 
with the same number of conductors. The rotor is 
supposed to be running at twice synchronous speed 
in the same direction as the air-gap field, and the three 
phase brushes to be in line with the three phase tapping 
points of the stator winding, or at 180 deg. to the same, 
according as the coil progression of the rotor winding is 
the reverse of, or the same as that of the stator winding. 
It is suggested that as the same air-gap field would be 
produced by a lagging magnetizing current in the stator 
winding as by a leading current in the rotor winding, 
the requisite magnetizing current might be induced to 
circulate between stator and rotor connected in paral- 
lel to the bus bars without the necessity of any mag- 
netizing current being introduced from outside; also 
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that the small J R voltage required to cause this cir- 
culation might be produced by a slight shift of the 
brushes, while the small J X voltage component at 
right angles to this, corresponding to the stator and 
rotor leakage fluxes associated with the magnetizing 
current only, might be introduced by an a-c. exciter, 
interposed between the line and the machine. 

The statement needs a little modification in as much 
as the shift of brushes which provides the requisite 
I R voltage for the circulation of magnetizing current 
produces at the same time a compounding effect, and 
would therefore have to be determined by the amount 
of such compounding desired; the balance one way or 
the other would have to be obtained otherwise, for 
instance by the transformer connection referred to later. 
Further, the J X voltage required would automatically 
appear by a slight slip arising, that is, by the air-gap 
field taking up a speed of rotation slightly different 
from half the rotor speed; therefore no a-c. exciter need 


be postulated. For operation with shunt character- 
istics the brushes would be left in the normal position, 
and a small quadrature voltage would be injected be- 
tween the stator and rotor to overcome the J R drops 
corresponding to the circulation of magnetizing cur- 
rent only; this quadrature voltage might be introduced 
by the delta-connected transformer arrangement shown 
in the appended figure, the lines A BC going to the 
stator and abc to the rotor, while X Y Z pass to the 
busbars. The transformer might advantageously have 
a moderate magnetic leakage. 

The last two statements of the fourth paragraph 
substantially stand, to the effect that in a machine such 
as here described the field rotates in the same direction 
as the rotor at approximately half the speed of the 
rotor so that a rotor conductor cuts the field in a direc- 
tion opposite to that in which the stator conductor, 
immediately confronting it, cuts the same field, the 
two speeds of cutting being nearly the same; and that 
therefore, whether the machine be running as a gener- 
ator or motor, almost complete compensation takes 
place of the stator ampere conductors by the rotor 
ampere conductors immediately confronting them and — 
the machine becomes closely self-regulating. 

It will be seen further that although the machine 
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operates with some slip, it behaves more like a syn- 
chronous generator or motor than an induction ma- 
chine inasmuch as there is one combination of fre- 
quency speed and voltage which forms a consistent 
set of conditions, and the only natural flexibility in 
the relation between the frequency and speed is that 
introduced by saturation which causes a variation in 
the ratio between the JR and IJ X components of 
voltage requisite for circulating the magnetizing cur- 
rent. The slip will not change sign between generator 
and motor conditions of operation, in fact it arises 
only to provide voltage for circulating magnetizing 
current and not for load current. A slight variation 
in frequency with speed fixed can be artificially secured 
however by introducing an external inductance in the 
path of the circulating magnetizing current; such 
inductances may, if desired, be so arranged as 
to be substantially non-inductive to the passage 
of load current, although inductive to the circulation 
of magnetizing current. Similarly the voltage can 
be varied with speed fixed, or with frequency fixed, by 
varying the ratio of the transformer shown in the figure, 
or by introducing an external resistance in the path 
of the magnetizing current, but unlike the inductance 
the resistance can only be introduced in a manner such 
that it opposes the load current as well as the magnetiz- 
ing current. 

For parallel operation or for stable running as a 
motor, a certain amount of effective reactance will be 
necessary either internal to the machine or accessory. 
In this respect also the conditions are similar to those 
which arise with synchronous machines. 

These features of operation are detailed here, not 
with the intention of claiming practical utility for the 
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arrangement, but merely to correct the somewhat 
erroneous view of the matter which has already been 
printed in the article in question. 

While upon this subject it may be of interest to 
consider the conditions arising at twice synchronous 
speed in the frequency changer dealt with in the main 
part of the’ article. If we assume the rotor of say a 
three-phase frequency changer of this type to be inde- 
pendently driven at twice synchronous speed in such 
direction that the frequency is the same on the commu- 
tator as on the slip rings, we have two three-phase 
systems of equal frequency and voltage associated with 
the machine. The phase rotation on the commutator 
is the reverse of that on the slip rings considering 
corresponding brushes but nevertheless the two three- 
phase systems can be paired and brought into phase 
with one another and then there would seem to be no 
objection to paralleling them on to common bus bars. 
The machine will then be running on the bus bars 
without distress with commutator brushes solidly con- 
nected to slip ring brushes, a somewhat paradoxical 
condition. Here again the arrangement is of theoretical 
interest only and has no practical utility, it acts neither 
as generator, motor nor converter; it might serve as a 
filter to short-circuit all effects other than those of 
fundamental frequency. 

Glancing over the main part of the article I note that 
ambiguous signs are invariably printed with the plus 
as the upper and the minus as the lower sign, whereas 
they should be reversed in the case of the expressions 
numbered 8, 12, 18, 14, 15 and in the definition of a 
on page 55. Without these corrections the tabulation 
would appear to be wrong and the matter trouble- 
some to follow. A. B. FIELD. 
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Review of the Subject.—The power hammer has been in use 
for along time and there are now on the market many types of power- 
operated hammers which may be roughly classed according to the 
nature of the power as follows: 

Pneumatic, steam, motor and pulley; cam or crank, and electro- 
pneumatic drives. The pneumatic drive includes all riveting ham- 
mers; the steam drive includes practically all forge hammers, some 
drop hammers, pile drivers and steam drills; the motor and pulley 
drive class, includes the greater part of drop hammers; the electro- 
pnuematic drive includes only small forge hammers. The pneu- 
matic hammer, due to its lightness, holds the field of hand-operated 
riveting hammers and it is hardly possible that any other means will 
ever surpass air for driving hand-operated riveting hammers; the 
steam hammer holds its own in very large forging and drop 
hammers and it is doubtful whether any other kind of hammer can 
remove it from that place. The field for very large forging or drop 
hammers is however rather limited; they are used only in very large 
plants in which all sorts of power prevail. 

There is an immense field, however, for medium and small 
forging and drop hammers which are used to produce all the small 
automobile and other similar parts as well as name plates, jewelry 
apparel, etc. It is this field which the electric hammer is supposed 
to cover. The present methods of driving these hammers are cum- 
bersome, complicated, costly and very unsafe for the workman. 

The electric hammer has been studied and developed by the writer 
to a point where it seems to show superiority to the present used 


DEFINITIONS 


N electric hammer as described in this paper con- 
stitutes a hammer in which the reciprocating 
part is moved solely by the direct action of the 

electromagnetic forces without interposition of any 
other mechanism, such as belts, gears, compressed 
air, etc. 

The electrical portion of the reciprocating part, 
which is analogous to the rotor of a motor, will be called 
the runner while the die holder which is attached to 
the runner is called the ram. 


Electric hammers may be divided into four classes: 
Direct-current, semisynchronous induction, nonsyn- 
chronous induction and purely synchronous. A direct- 
current hammer consists of two symmetrical straight 
armatures mounted facing each other between which 
moves the field carrying with it the brushes; it may also 
be made with two stationary fields and one moving 
aramature. A semisynchronous induction hammer is 
made by setting two polyphase straight-line stators 
facing each other with a squirrel-cage runner moving 
between them; the reversal of the current is made 
by a switch rigidly connected to the generator shaft 
so’ that the phases are reversed at zero potential and 
at predetermined intervals. A two-phase hammer fed 
with two phases of different frequency in which the 
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hammers, in simplicity, safety, running expenses, cost of installa- 
tion, cost of upkeep and in many cases in the original cost. 

The development shown herein is of the induction motor type. 
Instead of the usual arrangement of concentric armature and field, 
the slots are punched on long strips of tron in a straight line 
which makes the field and armature parallel. The armature and 
field still face each other but every part of the aramture is not always 
active under th: influence of the field as is the case in the ordinary 
motor. In other words in a straight-line motor the armature or 
runner is continuously entering the field of action at one end and 
leaving it at the opposite end. This constitutes the main difference 
between the straight-line and the rotary motor. The rotating fields 
of an induction motor are here replaced by magnetic fields moving 
in a straight line. The principal elements of this straight-line 
induction motor hammer are shown.in Fig. 8. The actual hammer 
as finally constructed is shown in Fia. 5 (back view) and Fig. 6 
(front view.) 
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reversal comes at the nodes of the two frequencies 
may also be classed as a semisynchronous hammer. 

A nonsynchronous induction hammer is made ex- 
actly as a semisynchronous induction one with the excep- 
tion that the reversing of the phases at each end of 
the stroke is done by the runner itself. A purely 
synchronous hammer may be defined as a hammer 


Fig. 1—First Patent on Recrprocating Moror 
Issued in 1852. 


which gives one stroke percycle. This type of hammer 
may be made of the simple plunger type or of the 
excited plunger type. 


HISTORICAL 


The writer invented the electric hammer early in 
1915, when still in school. After coming out of school, 
the war was in full swing and it was thought inadvisable 
to start developments of any kind. The studies were 
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made independently but the following historical treat- 
ment will show that it was not an invention but a 
reinvention. 

The subject of the reciprocating motor in general is 
practically as old as that of rotary motors; this fact 
is shown by the records in the Patent Office from which 
it is seen that the earliest attempts to make electric 
motors were mainly along the lines of imitating the 
reciprocating steam engine and the first patent for a 
reciprocating motor to be applied to a pump was issued 
in 1852; a picture of this device is reproduced in Fig. 1. 
In 1870, there were some attempts made to operate 
sewing machines with reciprocating electric motors. 
In 1880 appear two patents on a solenoid rock drill. 
In 1885, the Van Depoele patent appears. This patent 
is reproduced in Fig. 2 from which it may be seen that 
engineering was, at that time, being applied to this 
line of inventions, for it is quite a well developed 
machine which may easily be made practical by 
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Fig. 2—A Wei DerveLorep IpreA on StraicutT-Line Morors 
Patented in 1885. 


properly proportioning it. It is a d-c. machine in 
which the armature is stationary and the field moves. 
An important feature of this machine is that the plunger 
is excited while machines of previous dates were made 
with a nonexcited plunger, that is, they were mere 
electromagnets and with this machine we pass from 
electromagnets to straight-line motors. The idea of 
plunger reciprocating motors and straight-line d-c. 
motors prevails until the present time and it would be 
useless to recount here the innumberable patents that 
have been issued on the subject. It may be said, 
however, that the idea remains unchanged and the 
only thing that changes is the inventor. 

In August, 1901, a patent was issued to R. D. 
Mershon on a straight-line nonsynchronous polyphase 
induction motor for a rock drill. He mentions in 
his specifications that prior to that time polyphase 
rectilinear motors have been proposed in which the 
reversing of the fields was done by a switch connected 
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to the generator; that system he condemns because the 
vibratory period of the motor would have to be of 
certain value in order to be in synchronism with the 
generator, and consequently it would not start from 
rest unless those conditions were fulfilled. His system 
has a reversing switch operated by the moving part 
of the motor and consequently makes the latter com- 
pletely independent of the generator. As far as the 
writer can find, this is the first record of a practical 
polyphase rectilinear motor. 

In 1905, a patent was issued to P. Centener. This 
machine is based on an entirely new principle. In 
this machine, each stator is fed with two separate 
sources of alternating current of different frequencies 
and in this way the motion of the field is reversed at 
the beats occurring in the two frequencies so that 
the moving part would reverse its motion without the 
necessity of reversing the currents by means of con- 
tactors or switches. While this machine is built on 
different principles from those criticised by Mershon, 
its faults are the same, namely: It has a constant period 
and it requires special generators to operate it. 

In 1909, a patent was issued to T. F. Bailey in which 
the same invention as is shown in Mershon’s patent was 
described with the exception that the application is 
made directly to a forge hammer instead of to rock 
drills. 

The success of these inventions in rectilinear motors 
is apparent from the fact that none of them are at 
the present time on the market. Of the semisynchro- 
nous hammers, the only successful machine that the 
writer knows of is that made by Professor Leo Schuler 
of Berlin, Germany, described in U. S. Patent No. 
1115251. He actually made a small chipping plunger 
hammer that would work successfully. From _ his 
account in the EHlektrotechnische Zeitschrift, it is hard 
to understand why the machine has not been put on 
the market unless it is for the reason that it requires 
special generators for the supply of power. It is not 
known to the writer whether or not there have been 
built any polyphase rectilinear motors operating on 
the principle brought out by Mershon, that is, in which 
the reversing is done by the motor itself. _Mr. Charles 
Fair, who'was employed by the G. E. Co. at the time 
this work was started, said that he had seen a model 
of the d-c. plunger-type hammers which he described 
as not being ‘“‘lively’’ enough for forging purposes. 
The machine, as he described it, was made up of a 
series of solenoids in which moved a plunger. The 
plunger was first attracted by one solenoid, the current 
was then switched to the next one and the plunger 
moved with the current. Irrespective of whether this 
machine was “lively” or not it is easy to see what 
difficulties would be encountered in shifting the current 
from one solenoid to another at the time of maximum 
inductance. In other words, it may be said that this 
machine was a very badly designed direct-current 
motor. 
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The reasons why the electric hammer was not. de- 
veloped appear to be the following: In the early days 
of electrical development the demand for hammers 
was rather small; rotary motors could be used for many 
more applications than the special uses for which the 
straight-line motors were proposed; hence it became 
much more remunerative to develop rotary motors 
than to develop straight-line ones. Once a rotary 
motor was available in its perfect form it became much 
easier simply to take a standard motor and apply it 
to the particular use for which it was needed than it 
would have been to develop a new special motor. 

It may be said further that in the early stage of elec- 
trical development, the total demand for motors 
was very small and of this total demand the percentage 
which required an ordinary standard motor was far 
greater than that which required a special straight- 
line motor, so that it was altogether out of question 
for any manufacturer to undertake the development 
of as many special motors as there were special cases 
to be taken care of. At the present stage of electrical 
industries, the conditions are precisely reversed in that 
there are now many special cases which require a 
much larger number of motors than was required for 
the total electrical industry in the earlier days of the 
art and certainly anybody who is acquainted with the 
industry will agree that many manufacturing enter- 
prises are now existing, and in fact prospering in the 
manufacture of only one or two special appliances. 
It is for this reason that it is felt justifiable to state 
that the application of standard rotary motors to special 
cases has gone beyond its limits. 

The above is, it is hoped, the answer to the many 
questions that are continually being asked as to why 
it is that nobody else has ever tried to develop an electric 
hammer before this if it is as simple as it looks. It is 
also an explanation of the arguments which led to 
the undertaking of this development. 

As a matter of fact, it is felt that the development 
of a new special machine will always be justified as 
long as the demand for it is large enough to build up 
a reasonable amount of business and its qualities are 
such as to guarantee its preference to existing systems. 


PRELIMINARY STUDIES OF THE ELECTRIC HAMMER 


When the study of the electric hammer was under- 
taken, the subject was so new from an engineering 
view point that a preliminary study was required in 
order to decide which system of those mentioned would 
be the best to use, also to determine fully the advantages 
of an electric hammer over those hammers which it 
was to replace. 

In studying the problem in general, it is found that an 
electric hammer is essentially an apparatus which is 
continually starting and stopping; electrically, therefore 
the apparatus best fitted for this purpose would be an 
apparatus which gives the best efficiency during the 
starting period. A d-c. series motor is evidently the 
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best apparatus to use for such purposes. On the other 
hand, a power hammer must be so constructed as to 
withstand shocks without limit either in number or in 
size and it was doubtful whether any commutating 
apparatus would be capable of withstanding such rough 
usage as that even though the armature and commu- 
tator may be made the stationary part and the field 
allowed to move. The problem therefore, resolves 
itself into three branches; one consists of the study 
of the properties of the electric hammer to predetermine 
its advantages over the hammers which it shall replace; 
the second consists of a study of its mechanical stability 
and durability under repeated and violent shocks; 
and the third is a study of the electrical properties 
of the machine as affecting an apparatus which is 
continually starting and stopping. 

The problem of determining the advantages of an 
electric hammer over a board hammer had to be resolved 
from fundamental considerations rather than from 
existing facts because there were no facts available. 
The main points of merit of the electric hammer were 
the following: 

In cases where it replaces board hammers, it con- 
sumes no power while not working, there are no moving 
parts while it is not operating, it is neater in appearance, 
it occupies a minimum of floor as well as overhead 
space. There are no parts to wear out, outside of 
the runner, and the contactors (which in the final 
design will be made so easy to replace that it is expected 
will give. no more difficulties than an ordinary board 
hammer). It is very easy to move it from place to 
place. The most prominent feature of an electric 
“board” hammer is its great variety of the size of blow 
that it can give, ranging from zero to four or five times 
as large a blow as it could give by merely falling under 
the action of gravity. . 

When the electric hammer is made to replace a steam 
hammer its advantages are as follows: It is a well- 
known fact that a steam hammer is the most accom- 
plished waster of energy ever made by the human hand, 
considering all condensation on the lines, which are 
sometimes of great length, all the steam used to keep 
it warm while not in operation, and the fact that some- 
times a special boiler plant must be installed to operate 
a steam hammer. All these losses are eliminated with 
an electric hammer; there can be an electric hammer 
wherever there is an alternating-current supply, it can 
be moved from place to place without much difficulty; 
since it can be tied to any supply system, the small 
manufacturer can have it, in other words anybody may 
have a power hammer. These qualities are what could 
be foreseen before any test was made or even before 
any hammer was ever designed. 


MECHANICAL STABILITY AND DURABILITY OF AN 
ELECTRIC HAMMER 


Here again it was a case of predetermining these 
qualities from facts which were more or less self evident, 
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because no actual apparatus had ever been built. 
The facts which were very apparent were the following: 
Compared with the board drop hammer it may be said 
that the runner of the electric hammer replaces the 
board of the board hammer, hence the electric hammer 
has nothing to get out of order except its ‘“‘board;’’ 
against the elimination of all those parts must be set 
the introduction of at least two pairs of contactors 
(in case the third one is introduced, electrically it is 
possible for only two to work since two of the three are 
in series and either of these two must open the circuit). 
Also the question came up as to whether the runner of 
the electric hammer would withstand the severe shocks 
to which it must be subjected. This question may be 
considered from two standpoints, first if it is made of 
laminated steel with copper bars for the squirrel cage, 
the construction is apparently weak but on the other 
hand, it has that elasticity which absorbs the shocks 
much better than any solid construction can absorb 
them and prevents breakages. 

A laminated runner is a rather costly construction but 
it is believed that it would last longer than a solid one 
and certainly much longer than boards last in ordinary 
board hammers. The other alternative was to make 
the runner of solid steel which would, by reason of its 
simplicity, cost so little that the replacement of it 
would not be at all expensive nor would it be any more 
difficult to renew a solid steel runner in an electric ham- 
mer than it would be to renew a board in a board ham- 
mer. : 

Compared with the steam hammer, it may be said 
that the troubles given by the steam hammer by the 
breaking of the piston rods on account of the crystaliza- 
tion which occurs where the rod connects to the ram of 
the hammer might be eliminated to a great extent by 
a laminated construction which is perfectly possible 
with the electric hammer, but I do not think it would 
be feasible in case of a piston rod which has to fit steam 
tight in the cylinder head (it must be remembered that 
outside of the ways which guide the runner in a vertical 
direction, it may be said that the latter hangs almost 
free in the air). In short, it was thought that the worst 
expectation that we could have was that we might have 
as much breakage from an electric hammer as from a 
steam hammer and certainly all the rest of the con- 
veniences obtained by an electric hammer were thought 
to be enough to justify the change. 


FIELD OF APPLICATION OF THE ELECTRIC HAMMER 


If we consider the replacement of all steam hammers, 
board hammers, pile drivers and all like apparatus, the 
field is certainly sufficient to justify the development 
and marketing of such an apparatus. 


THE ELECTRICAL PROBLEM 


From the electrical standpoint and from the long 
study previously made on d-c. motors (especially the 
series motors), it appeared always preferable, ever since 
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the problem was undertaken, to build a direct-current 
series machine; therefore proceeding on this belief, 
a direct-current reciprocating motor was designed and 
its main characteristics calculated. The runner of 
this machine was to be the field and was to be made of 
solid steel in which there were slots for the distributed 
field windings. The field coils were to be retained in 
the slots by nonmagnetic materials such as brass or 
bronze, and the brushes were to be carried by this 
moving part. The armature was to consist of two 
straight-line armatures, one on each side of the field, 
each having its own commutator so that the two 
might be connected either in series or in parallel with 
each other. (The double armature was of course 
necessary to balance the electromagnetic forces as well 
as to utilize the field metal to its fullest extent). The 


Fig. 3—First EXPERIMENTAL Exectric HAMMER 


a—one of the stators mounted on the wooden frame, a’—the other stator 
dismounted, b—the armature or runner (a piece of brass 1/3 in. by 2% in.) 
removed, c—the ram, d—a guarding plate making a part of the framework. 


electromagnetic properties of this machine were found 
to be very excellent; the starting current was rather 
small and the torque per watt very large; it can be 
designed for very low speeds. In general, it showed the 
superiority of d-c. to a-c. in ease of motors which have to 
start and stop continually under heavy load. The 
electromagnetic force per pound of the active metal of 
the runner was very high as compared to that of the 
induction motor. In power hammers, and especially 
in the so called drop hammers where the ram must be 
heavy enough to hold the die, it is very important that 
the electromagnetic force per pound of active metal be 
as large as possible so that most of the metal con- 


April 1922 


stituting the total weight of the moving part may be 
placed on the ram. In electric hammers, this point is 
of even greater importance since the power may be 
applied downward and the total weight of the moving 
part must be decreased very much to obtain the proper 
rating. 

In spite of the preference which the writer had for the 
direct-current machine, it was repeatedly pointed out 
that it would not withstand the shocks of a hammer and 
it was finally recommended that the polyphase induc- 
tion type be looked into before definite plans were made 
for building any hammers at all. 

Under these suggestions, a very small model of 
polyphase straight-line motor, in which the moving 
part was made of a piece of brass 1¢ in. thick by 21% in. 
wide, was built and tested. This hammer was equipped 
with a heavy piece of cast iron on the bottom end and 
also with an automatic reversing switch so that when 
power was applied it would reciprocate up and down 
like an ordinary hammer. An illustration of this 
crude model is shown in Fig. 3. It should be under- 
stood that this model was not made to obtain engineer- 
ing data nor was it designed to give any definite result. 
The object of building it was merely to show the several 
people interested that such a hammer would work. 
The model proved very satisfactorily how much simpler 
a polyphase hammer is than a direct-current one. 

After several lengthy discussions with engineers who 
were well acquainted with the power hammer problems, 
it was concluded that it would be best to start the 
development by building a polyphase induction 
hammer. 

In accordance with this decision, a hammer was 
designed to operate a 200-pound ram, in other words, 
a hammer which would be equivalent to a so-called 
200-pound board hammer, this comparison of course 
being made in a case when the electric hammer lifts a 
200-pound ram, and lets it fall by gravity; in case 
power is added on the downward stroke its capacity 
would be greatly increased as will be shown in the 
results of the tests. For the purpose of obtaining 
engineering data, the runner was made of laminated 
steel. 

It was apparent from the character of the working 
cycle of this machine that the runner should be made 
of high resistance in order to obtain high starting 
torques, high power factors and at the same time draw 
a small starting current from the circuit. This was 
done by using brass bars in the squirrel cage; in addi- 
tion to that, both for convenience in building it and to 
diminish leakage reactance, the secondary slots were 
made open and the bars made even with the surface of 
the steel laminations. Making the bars even with the 
surface also eliminates all that portion of the primary 
leakage flux which passes from one tooth to the other 
above the secondary conductor. 

About the worst thing to contend with, at least 
during the discussions of this apparatus, was theso-called 
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end effect that occurs when a conductor of the rotor 
passes out of the stator field into the air. This dif- 
ficulty, as pointed out by Dr. Steinmetz, had been one 
of the main difficulties which led to the abandonment 
of the induction railroads. To the end-effect problem, 
as related to this hammer, there was at least one solu- 
tion and that was to be found from the fact that the 
efficiencies of the present hammers are so small that it 
was thought almost impossible to make a straight-line 
motor bad enough to compare with the present ham- 
mers, in other words, one solution of the problem was 
not to solve it at all. 

Accordingly, the hammer was built with the fol- 
lowing dimensions: Length of stator, 39 inches, length 
of runner 5 feet, and width of the cores, 214 inches, or 
in other words, the motor was very nearly ‘‘square.”’ 
It was assembled in a box made of boards 2) inches 
thick, which was provided with brackets for mounting 
it on the uprights of an ordinary 200-lb. board hammer. 
The construction was made so crude because it was still 
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Curves showing the relations between the total kilowatts input and the 
total pull exerted on the runner; also the relation between the total kilo- 
volt-amperes input and the total pull exerted on the runner. 


doubtful in the minds of a good many of those concerned 
in the development as to whether it would be success- 
ful or. not. The standstill characteristics were then 
obtained and the most important curves are shown in 
Fig. 4. 

It was finally mounted on the uprights and since the 
5-ft. runner was too short to reach to the anvil, it was 
found necessary to make a wooden block high enough 
so that it could be operated with the given runner. 
The switch mechanism consisted merely of a reversing 
knife switch automatically operated by the moving 
part and no connection was made between the switch 
mechanism and the treadle, so that to start the hammer 
it was necessary to close the main switch. Once it was 
closed the hammer kept on going up and down at the 
rate of about three strokes per second. 


This model, as crude as it was, was sufficient to show 
that the electric hammer was a success. In addition 


_to that, we obtained starting currents, and power 


factor, and cleared in this way all those questions which 
were up to that date a stumbling block for the develop- 
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ment; it was shown, in other words, that operating an 
electric hammer did not wreck the supply system, as 
was thought by many. No photographs were taken of 
this model when it was mounted, but outside of the 
wooden anvil, it was exactly the same as that shown in 
Fig. 6. Having cleared all these difficulties, it was 
decided to build a real model capable of performing the 
same functions as an ordinary 200-lb. board hammer. 
In the new model, the same stators were used and the 
work of the new design consisted merely of designing 


Fig. 5—EXPERIMENTAL Enectric Hammer (Back VIEW) 


Main parts: p—armature or runner, q—stator casing, a—ram, u—upper 
half of die, »—lower half of die, w—anvil. 

Auxiliary parts: a—holding doz, b—holding block, s—spring which 
actuates both the dog a and the lever c, e—a lever crank, f—cut-out con- 
tactor operated by dog a through lever c, r—switch for controlling power 
on downward stroke. 


a pair of uprights together with the proper automatic 
switching mechanism necessary to have the electric 
hammer operate analogously to the board hammer. 

At this point Mr. D. C. Garroway, an engineering 
draftsman, began to assist me in the development of 
the present model. 

The cycle of operation of an ordinary drop hammer 
is as follows: Ordinarily, a hammer hangs up in place 
and when the treadle is pressed, it falls down and 
automatically returns up to its original position and 
keeps on going up and down as long as the foot is kept 
on the treadle. As soon as the latter is released no 
matter where the hammer is it continues its operation 
until it gets up to the upper position and hangs itself 
there ready for the next operation. It was necessary, 
therefore, that an electric hammer be capable of per- 
forming the same cycle. To do this; it is essentially 
necessary to have a cut-out contactor and a pair of 
reversing contactors. The cut-out contactor must be 
operated automatically by the moving part so that 
when the hammer hangs itself on the upper position 
the circuit is open. 
the purpose of reversing two of the three phases at each 
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The reversing contactors are for © 


Transactions A. I. BE. E. 


end of the stroke. The opening and closing of con- 
tactors must be done at a constant speed irrespective 
of the speed of the moving part of the hammer. 

In addition to these three contactors, it was decided 
to add a fourth one for the purpose of cutting off the 
current on the upward stroke before it had actually 
reached the end of the stroke in order to save power 
and also avoid the necessity of reversing at full speed. 

Fig. 5 shows a back view of the hammer with the ram 
in its upper position. At b is shown a block fastened 
to the ram which engages with the dog a fastened to 
the uprights. The dog has an elliptical hole at its 
fulerum so that when the ram comes down on it, it 
moves downward a half inch before it gets to the bear- 
ing. On the same dog is fastened the lever d, which is 
connected to the treadle and also a vertical flat piece 
of steel c, free to move up and down a half inch with the 
dog a. This piece of steel operates a lever e which in 
turn operates the cut-out contactor f. Therefore, when 
the hammer comes down on dog a, it hangs itself and 
also cuts out the main circuit. 

The spring s has two functions, one is to keep the dog 
a in its upper position and in that way keep the con- 


Fig. 6—ExPrRIMENTAL Evectric Hammer (Front ViEw) 


Main parts: Q—motor casing in which stators are mounted, P—arma- 
ture or runner, X—ram, U—upper half of die, V—lower half of die, 
W—anvil. 

Auxiliary parts: R R’—follower rods, /f f’—followers, TT’—cams, 
C’—cut-off contactor, C—one of reversing contactors, A A’—switching 
arms operated by R R’, S S’—switching springs, K K’—contactor cranks. 
Arm A moves spring S to one or the other side of K and the spring does the 
switching. 


tactor s closed, and the second function is to keep the 
dog a always turned to the right under the block b. 
The vertical motion of a and therefore that of c is 
always quick and consequently no additional mechan- 
ism.was needed to make the opening of the contactor 
fast enough to eliminate burning. 

Fig. 6 shows a front view of the hammer also with 
the ram in its upper position. The two rods R and R’ 
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carry the cams and levers to operate respectively 
reversing contactors C and the ‘“‘cut-off’’ contactors 
C’. These rods are made long enough to be able to 
get the stroke of any desired length from zero to the 
length of the. uprights. The cams that are fastened 
on these rods are operated by two studs T and T’ 
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Fic. 7—OscILtoGrRaM oF Eurecrric HAMMER OPERATING 
with Evrecrric Powrr on Upwarp Part or SrrRoKke ONLY, 
Gravity Propucine THE Hammer Buow. — 


The upper vibrator gives a smooth wave of a 40-cycle voltage which is 
used for measuring time. The middle vibrator shows the deflection of a 
direct current obtained from a dry cell which has its circuit momentarily 
closed at every inch of movement of the armature or runner. The time 
taken for the runner to move through one inch is measured by the distance 
between ‘“‘making’’ points which are marked 1, 2, 3, etc. on the record of 
the approximate zero of the middle vibrator. 

The lower vibrator shows the current of one of the three phases. 

The distance between the vertical lines A and B indicates the time of 
one complete stroke (or cycle of operation). 

Starting from the point A when the alternating current ceases the runner 
continues on its upward stroke until it uses up its momentum at some point 
about the position marked C. It then begins to fall slowly by gravity, 
as shown by the distance between the vertical lines of the middle vibrator, 
and gradually accelerates until the hammer strikes. Shortly after, the 
current to lift the runner comes on again for eight and a half cycles to point 
B where the cycle of operation starts to repeat. 


fastened totheram. Thearms A and A’ also connected 
to these rods operate the reversing contactors and the 
“cut-off”? contactors respectively. In order to assure 
a constant opening and closing speed of the contactors, 
the opening is done through springs S and S’. All 
that arms A and A’ have todo is to move one end of 
the spring S and S’ on one side or on the other of the 
center of the contactor cranks K and K’ and the open- 
ing and closing after that is performed by the springs 
independently of the cams or the moving part of the 
hammer and hence it is done always at practically the 
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same speed, which can be adjusted by adjusting the 
tension of the spring and its eccentricity. 

Since this hammer is provided with reversing mech- 
anisms, it is evidently possible to apply power on the 
upward as well as on the downward stroke and here 
is where the electric hammer differs from the board 
hammer. In order to cut off thé power in down- 
ward stroke, it is necessary to have also an ordinary 
knife switch in series with the circuit for the downward 
stroke. This switch may be seen at r in Fig. 5. By 
changing the position of the cam F’, it is possible to 
regulate the length of “admission” and by changing 
the position of F, it is possible to regulate the point of 
reversal. The length of the stroke can be changed 
only by changing the position of a in Fig. 5 and that 
can be done only by moving the steel block m upon 
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Board hammer 
250 volts d-c.) of electric 
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Watt-hour per stroke: 
Electric hammer 
rated at 1145 Ib, 
Watt-hour per stroke: 
Board hammer 

fated at 275 Ib. 
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Electric hammer 
rated at 275 Ib, 
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hammer rated at either 


Current: Board hammer, | 
Current of board hammer 


Fig. 8—Cuart Grvinc CoMPaRISON BETWEEN ELectric Ham- 
MER AND Boarp HAMMER WHICH IT IS TO REPLACE 


Comparison of efficiency is made in watt-hour per stroke. Current 
efficiency is given in amperes. The hammers are compared both at a 
rating of 2751b.and at a rating of 1145 Ib. 


which a is fixed. Holes are provided on the upright 
and also on the steel piece c for changing the length 
of strokes. 

It is evident that by inserting resistances in series 
with the downward circuit, we may apply any amount 
of power ranging from zero to full value on the down- 


TABLE I. 
Working Characteristics of Hammer Already Existing 
Average Average Max. Useful 
Kind of Hammer Rating Total Time Total Useful Strokes Useful Max. Strokes Strokes 
Hammer Number in Lb. Hours Strokes Strokes per Hr. per Hr. per Hr. per Hr. 
Board 1 400 6 5900 5900 984 984 2060 2060 
Board 2 400 4.5 7645 7645 1700 1700 2475 2475 
Board 4 600 12.0 9740 9740 810 810 1400 1400 
Board 5 800 6 1610 1610 170 170 315 315 
Board 6 800 12.25 3646 3646 297 297 403 403 
Air 8 700 2 ; 3226 3226 1613 1613 2322 2322 
Board 11 600 6 4591 4591 772 772 985 985 
Board 17 1200 6 3857 3857 642 642 702 702 
Board 20 1200 6.5 2327 2327 358 358 468 468 
Board 22 1600 3 1173 1173 391 391 500 500 
Board 24 1600 6 1542 1542 x 257 257 483 483 
Steam 32 3500 6.5 21800 2971 3350 429 3600 795 
Steam 34 2500 3.0 8120 1128 2707 376 3480 598 
Steam 37 1000 6.0 2107 | 1512 351 3000 881 
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ward part of the stroke. Also by making the switch r 
a reversing switch, we may apply upward power on 
the downward stroke also from zero to full value. 
This gives a range of blows from zero to a blow given 
when full power is applied downwards. 


TESTS OF THE HAMMER 


In order to test the hammer it was necessary to 
obtain the speed at the time of impact, the upward and 
downward accelerations, current at starting and on 
running, energy input per stroke etc. The oscillo- 
graph method was the only method available to do all 
this. The hammer was therefore equipped with a 
sliding contact mounted on the ram and made to slide 
against a long piece of fiber in which there was a strip 
of copper imbedded at intervals of oneinch. In Fig. 5, 
h is the fiber block and k is the sliding contact. A 
watt-hour meter was also installed and the energy 
input per stroke obtained by measuring the total input 
for a given number of strokes. It was also necessary to 
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Fig. 9—OsciILLOGRAM OF ELEctric HAMMER OPERATING 
with Fuxiut Evectric Powrr on Upwarp AND DoWwNWARD 
PARTS OF STROKE 


The upper vibrator gives a smooth wave of a 40-cycle voltage which is 
used for measuring time. The middle vibrator shows the deflection of a 
direct current obtained from a dry cell which has its circuit momentarily 
closed at every inch of movement of the armature or runner. The time 
taken by the runner to move through one inch is measured by the distance 
between ‘‘making’’ points which are marked 1, 2, 3, etc. on the record of 
the approximate zero of the middle vibrator. 

The lower vibrator shows the current of one of the three phases. 

The distance between the vertical lines A’ and B’ indicates the time of 
one complete stroke (or cycle of operation). 

Starting at the point A’ when alternating current is switched on for the 
downward stroke the runner starts to fall under the joint action of gravity 
and electricity accelerating quite rapidly, as shown by the successively 
decreasing distance between the vertical lines of the middle vibrator, until 
after six cycles the hammer strikes at about the position marked C’. 
Shortly after the current to lift the runner is again switched on for a period 
of eight cycles after which the hammer keeps on moving upward uatil 
it practically uses up its momentum and the reversing mechanism operates 
to switch on the downward power at point B’ when the cycle of operation 
starts to repeat. 


study other hammers in order to make a clear compari- 
son between the electric hammer and the ordinary 
types. 

In the oscillogram of Fig. 7 is shown (between the 
two vertical lines) the current per phase, a 40-cycle 
timing wave, and in the middle line is shown the timer. 
In this oscillogram it is found that the total time 
required for one complete stroke when the hammer 
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falls down by [gravity is = 0.65. sec. 
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Bee BS 
time during which power is being admitted _is “75 


= 0.21 sec. The average current per phase is 109 
amperes. 
The energy input per stroke, when falling down by 
gravity, as found by the watt-hour meter is 1.6 watt- 
hours. The total height to which the ram and runner 
were lifted was 1.21 ft. giving therefore a total amount 
of work, done on the hammer by the motor, of 
1.21 < 275 = 3338 foot-pounds. 1.6 watt-hour = 


1.6 x 3600 


fs x 7.2 ft-lb. = 4240 ft-lb. giving an effi- 


330 
ciency = 4240 = 7.8 per cent. In calculating this 


efficiency no account is taken of the friction as it was 
not measured at the time the tests were made. It is 
very probable that if the friction were considered, an 
efficiency of about 10 per cent would result. Under 
the same conditions, the board hammer gives an effi- 


1.6 
ciency of 7.8 >7,~ = 4.05 per cent. 


3.09 
In Table I are given data which were collected in 
the drop forge shop of the General Electric Company 
at Schenectady. From this table we may obtain an 
idea of what we may expect to be the efficiency of a 
steam hammer. For instance, hammer No. 32 gave 
21,800 strokes in 6.5 hours and only 2971 or approxi- 
mately 13.7 per cent of the total number of strokes 
were of use. With an electric hammer this percentage 
may be raised to 100 per cent and the total efficiency 
again becomes equal to that of the machine itself 
as if it were working continuously. 


The chart of Fig. 8 gives an idea of the magnitudes of 
the different quantities involved in the comparison 
of the two hammers. The weights of the moving 
part of each of the two hammers are very nearly equal 
and therefore the comparisons may be made directly. 
In this chart one assumption is made, that if the board 
hammer were rated at 1145 lb. it would take four times 
as much ‘current to lift it as it does at 275 Ib. From 
the oscillograph of Fig. 9 we find that when the elec- 
tric hammer works with power up and down the total 
time in which power is being admitted equals 14.5 
waves and therefore the power per stroke equals 


14.5 
8.5 


The comparison between the amounts of energy taken 
per stroke must necessarily be very rough because the 
energy per stroke taken by the board hammer is a 
variable quantity depending upon the amount of useful ~ 
work it does in a given time that it is running, since 
it consumes energy while running idle, while the energy 


x 1.6 = 2.72 watt-hours. 
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per stroke consumed by the electric hammer is constant. 
The efficiency of the electric hammer therefore is also 
a constant quantity while that of the board hammer is 
variable and may reach zero in case the hammer runs 
idle for a long period of time. It may be pointed out 
here that since the static condensers are now available 
at a reasonable price, the total kilovolt amperes 
drawn from the line may be much reduced by the use 
of such condensers. Outside of energy consideration, 


the following qualities have been found very favorable 


for the electric hammer. 

Since there are no moving parts when it is not in 
operation, ft is very much safer than a board hammer. 
Lately it has been equipped with a reversing knife 
switch shown at r (Fig. 5) and in this way it is possible 
to obtain any size of blow from zero to 1145 lb. It is 
obvious that for the small customer, this type of hammer 
will prove much more satisfactory than an ordinary 
board hammer which is capable of giving only one 
size of blow for a given length of stroke. This princi- 
ple has already been made use of during the period it 
has been in production work. Therefore-the electric 
hammer is more flexible, is handier, cheaper to operate, 
probably cheaper in first cost; and while the board 
hammer has the advantages of the flywheel, the elec- 
trical hammer has: the advantages of the power on the 
downward stroke. 


CONCLUSIONS 


To recapitulate, the straight-line motor has proved 
inefficient for driving railroads, due in part. to causes 
inherent to this type of motors and in part to lack of 
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detailed study relating to the proper construction 
and to the proper class of railroads to which it 
should be applied. The motor will, however, prove 
to be very useful in cases where it is best adapted. 
The electric hammer is only one of these cases, many 
others will soon be found and in fact, several of them 
are already under consideration. I hope in the near 
future to publish, besides the results of a new hammer 
now under test, a treatment of this subject under a 
much broader title in. which the electric hammer will 
appear as a special case of a particular branch of the 
subject, ‘“The General Motor.” 


Discussion 


R. E. Hellmund: ‘There is in such a hammer air gaps on 
the two sides of the moving parts. Have any difficulties been 
experienced, such as bending of the moving parts, or getting 
excessive friction on one side? 

P. Trombetta: We have not experienced any difficulty in 
that line, and from the fact that they are pretty well balanced, 
the difficulties, if there should be any, will be minimized almost 
to nothing by putting the two stators in parallel, in which case 
as the air gap increases, the current in the one stator in which the 
air gap increases must increase, in order to keep the voltage the 
same, and consequently the force is kept almost constant, and 
there are no difficulties. 

Wm. McClellan: How large a hammer have you built and 
worked? 

P. Trombetta: .The total moving mass of the hammer 
is around 275 to 280 pounds. 

H. L. Wallau: What is the force of the blow in foot pounds? 

P. Trombetta: Thatcanbe easily caleulated. When you 
put full power downwards it reaches a speed of about 13.8 feet per 
second, That squared, times 275, will give you the force of the 
blow. 


A Relay Recorder for Remote Control by Radio 


BY F. W. DUNMORE 


Radio Laboratory, Bureau of Standards 


Review of the Subject.—Relays have been used for many 
years in wire telegraphy and other electrical work. The practical 
operation of relays actuated by received radio signals is a compara- 
tively recent development, and has been made possible by the develop- 
ment of the electron tube amplifier. 

This paper describes the development and the operating principles 
of a type of relay recorder which is designed to operate from the 
output terminals of a radio receiving set and which may also be 
operated by any other source of audio-frequency signal. 

By the use of special electron tube circuits the audio-frequency 
signal is caused to operate an ordinary telegraph relay. 

In order to avoid the necessity for using a very sensitive relay, 
designed to operate on currents of a milliampere or less, which 
would have delicate adjustments and light contacts and spring 
tension, advantage was taken of an electron tube amplifier, which 
has now become a reliable radio instrument, to increase the input 
voliage to the relay circwit thus making possible the use of a simple 
ordinary high-resistance telegraph relay. The relay device has 
therefore been developed to operate from the output circuit of any 
suitable amplifier in place of the ordinary telephone receivers. 

The operation of the relay may serve to work a sounder, buzzer, 
tape register or any mechanism for remote control by radio. 

Two types are described. One type is designed to be operated 
from batteries. The other type is designed to operate entirely from 


Type A— For USE WITH BATTERIES 


1. Object of Development. The object of this in- 
vestigation was to develop a relay which should operate 
by received radio signals. 

2. Requirements. To be satisfactory as a relay re- 
corder the device should have the following character- 
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istics: (1) it must be of simple construction with few 
adjustments; (2) it must be easy to adjust and capable of 
being put into operation quickly; (3) it must be selec- 
tive and as free from static and such disturbances as 
possible; (4) it must be capable of operating at a speed 
of at least 12 times per second; (5) it must respond 
to weak signals; (6) it must be of strong design, durable 
and capable of maintaining its adjustments; (7) it 
must be portable. 

3. Circuit Used. In order to avoid the use of a very 
sensitive relay designed to operate on currents of a 
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any 60-cycle 110-volt lighting circuit and this feature makes this 
type simple and inexpensive to operate, durable and practical. 
Another unique feature is described which is that of tuning to 
different audio-frequencies whereby any one of three signals, each 
of a different audio pitch, may be caused to operate the relay to the 
exclusion of the others. 

Curves and diagrams are shown illustrating the principles of 
operation. 

By the use of two of these relay. recorders connected in series 
across the output terminals of a single radio receiving set, two mes- 
sages sent on practically the same wave length but of different audio- 
frequencies, have been accurately received simultaneously. 
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milliampere or less, with delicate adjustments and light 
contacts and spring tension, advantage was taken of 
the radio-audio amplifier (which has now become a 
reliable radio instrument) to increase the input voltage 
to the relay circuit, thus making possible the use of 
a simple ordinary high-resistance telegraph relay. 
The relay device has therefore been developed to operate 
from the output circuit of any suitable amplifier in 
place of the ordinary telephone receivers. The only 
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adjustment necessary is that of an ordinary teleareph 
relay. 

Fig. 1 shows the wiring diagram. A is a telephone 
plug for connecting the relay device to the amplifier 
output. B is a phone socket, so that if desired the 
operator may listen to the received signal in the ordi- 
nary way. C is an audio transformer of the type used 
in audio amplifiers, the type used at present being a 
Signal Corps TypeC-21. EH isa two-megohm, grid leak, 
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Q is a 0.0006-microfarad variable condenser or 0.0003- 
microfarad fixed condenser. D is a 60-volt variable 
“C” battery variable in steps of approximately three 
volts. J is a 160-volt dry ‘“B” battery self-contained 
within the set. K is a type UV-201 Radiotron. F 
and H are each a one-microfarad paper condenser. 
T is an ordinary telegraph relay rewound with 12,000 
turns of number 38 8. S. C. enamel wire. A’ is the 
output to be connected to the apparatus to be controlled. 
L is a step-down transformer for operating the tube 
filaments from the 110-volt a-c. supply when such a 
supply is available. 

4. Principle of Operation. The principle of opera- 
tion is illustrated in Fig. 2. By means of the variable 
“C” battery D, the grid voltage is adjusted to approxi- 
mately 30 volts at which value the plate current is 
zero, as shown at A. The incoming audio-frequency 
voltage impressed on the grid varies the grid potential, 
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Fic. 3—Meruop or EvIMrIatTING STATIC AND INDUCTION NOISES 
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for example, from — 30 to — 20 volts. The 10 volts 
decrease from — 30 to — 20 causes an increase, for 
example, from 0 to 10 milliamperes, while the increase 
from — 30 to — 40 volts is not effective in causing a 
plate current to flow due to the fact that — 30 volts 
is already sufficient to reduce the plate current to zero. 
The result will be a pulsating direct current of 10 milli- 
amperes, maximum amplitude, in the plate circuit. 
This current, flowing through the plate circuit and con- 
denser F' causes an increase in the plate current at the 
‘keying frequency, which change, passing through the 
relay coil will pull the relay armature over, making 
contact at T, which contact may control any mechanism 
desired. With the “‘C” battery grid voltage adjusted 
for maximum sensitivity it was found that static 
induction, etc., operated the relay. When these 
disturbances are not as strong as the signal their 
effect on the relay may be overcome as shown in 
Fig. 3. For example, the “C’ battery is shown in- 
creased to — 35 volts, the critical value for maximum 
sensitivity being — 30 volts. The disturbances due 
to stray currents, etc., merely reduce the “C” battery 
voltage to — 30 which is not sufficient to cause plate 
current to flow. However, the signal, being of greater 
intensity than the stray currents, reduces the voltage 
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to — 25 which causes a plate current of five milliam- 
peres. It will be seen therefore that all disturbing 
effects, if of less intensity than the signal, do not affect 
the relay. 

5. Method of Increasing Sensitivity and Selectivity. 
During the development of this relay it was found 
that the rectified audio-frequency current in the 
plate circuit caused the relay armature to chatter 
rapidly and make a poor contact with the fixed contact 
point through which the circuit is closed. This was 
overcome completely, however, by the addition of a 
one-microfarad condenser across the relay coils. This 
served the purpose of an audio-frequency by-path for 
the highly inductive winding of the relay, thus greatly 
decreasing the resistance of the circuit. The change 
of plate current due to this audio-frequency caused a 
second change which occurred at the keying frequency. 
This latter change passes readily through the relay 
coils and exerts a strong steady pull on the relay 
armature without the least chattering. 

It was also found that the 0.0006-microfarad va- 
riable condenser, Fig. 1, across the secondary of the 
input audio transformer made possible audio tuning, 
which increased the selectivity considerable. This 
tuning was very sharp and it was found that European 
stations could be made to operate the relay while a 
high-power station here in the United States would 
fail to operate it, although the high-power station was 
coming in on the same wave length and slightly stronger. 
This was made possible by adjusting the heterodyne 
note of the European station to a frequency different 
from that of the local station and then tuning the 
secondary of the audio transformer to that frequency. 
The 0.0006-microfarad variable condenser may be re- 
placed by a 0.0003-microfarad fixed condenser and the 
audio tuning accomplished by adjusting the hetero- 
dyne note to the resonant frequency. By means of 
this audio tuning one of three stations transmitting si- 
multaneously has been selected and caused to operate 
the relay although all were of equal intensity. 

By the use of two relay recorders connected in series 
across the output terminals of a single radio receiving 
set, two messages sent on practically the same wave 
length, but of different audio frequencies, have been 
accurately received simultaneously. 

6. Speed of Operation. Tests showed that with a 
signal strength sufficient to produce a plate current of 
10 milliamperes the relay could be operated at a speed 
of 48 contacts per second, the contact being sufficient to 
operate a buzzer. With three milliamperes in the plate 
circuit a speed of 27 contacts per second was obtained. 
With one milliampere a speed of 19 per second. In 
each case the relay armature spring tension was ad- 
justed for the best operation.. 

7. Sensitivity. As stated above, this relay was de- 
signed primarily with the intention of obtaining a 
device which should be durable, simple in operation, 
and strong in construction. Sensitivity is obtained by 
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means of radio-audio amplification thereby increasing 
the voltage input to the relay circuit and eliminating 
the necessity of extreme sensitivity in the relay. Tests 
at 600 cycles showed that the relay circuit was fairly 
sensitive, as approximately 1.3 volts at the input 
terminals of the audio transformer in the relay circuit, 
caused a current of five milliamperes to flow through 
the relay coil in the plate circuit. 


Fig. 4—Typr A Retay Recorper ror USE witH BATTERIES 


8. Durability. As the relay instrument used in 
this recorder is of the ordinary telegraph type its dura- 
bility is well established. The only elements requiring 
occasional renewal are the two electron tubes, the 60- 
volt “C” battery, and the 160-volt “B” battery. 

9. Portability. The complete recorder with the 
exception of the filament lighting battery is contained 
in a cabinet 7 in. by 13 in. by 11 in., as shown in Fig. 4. 

10. Uses. 1. Asanordinary receiver it has advan- 


nnn 


Condensers 
0.00025 wf 
each 


~ 
To Amplifier Receiving 
Audio Transformer | Tubes used: 
as Rectifiers 
4.0wf 4.0uf 


14,000 Ohms 


To 110 Volt 


“Transformer 
60~AC Supply . 


Fie. 5—Circuir Diacram or Revtay Recorper ror Use on 
THE 110-Vout A-C. Suppiy 


tages over reception with telephone receivers, for one 
may receive by buzzer or sounder with all induction and 
interfering noises eliminated (if not louder than the 
signal.) 

2. A tape or drum-type recorder may be used 

and a copy made without a trained radio operator. 
3. Time signals may be recorded. 
4. A call system may be worked by a time 
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switch connected to close the filament circuit for a 

given time at set calling intervals. 

5. Any form of mechanism may be operated 
by an incoming signal. 

6. A receiving station may be located re- 
motely from the transmitting station and the radio 
signals relayed by wire to the operating room 
some miles distant. 

In conclusion it may be stated that a relay of this 
type should operate satisfactorily, without attention, 
on an airplane where mechanical vibration may be 
excessive as the pull on the armature with three milli- 
amperes, or over, in the relay coil makes possible the 
use of a spring tension on the relay armature sufficient 
to keep it from moving due to mechanical vibration 
of the relay. 


Fig. 6—Tyre B Retay Recorper ror Use on THE 110-Vourt 


A-C. SupPLy 


It would seem that the above-mentioned feature 
makes this remote control relay more serviceable 
than those now on the market which require delicate 
adjustment of spring tension, contact points, and sus- 
pended vibrating elements. 


Type B—For USE ON THE 60-CYCLE, 110-VoLT, A-C. 
SUPPLY 


This recorder is similar in construction and operation 
to the Type A recorder, except that the plate and 
grid voltages (B and C battery) are supplied from the 
60-cycle, 110-volt a-c. supply. The current for op- 
erating the tube filaments is also obtained from this 
source, so that the recorder is operated entirely inde- 
pendent of any form of batteries. It is only necessary, 
therefore, to connect to the 110-volt a-c. line and the 
recorder is ready to operate. 

The method of operating the recorder from the a-c. 
supply consists in the use of the two receiving tubes as 
rectifiers as shown in Fig. 5. The tubes Y and Z 
are used as half wave rectifiers, one supplying the plate 
voltage, and the other the grid voltage. When used 
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as rectifiers, receiving tubes should have the grids and 
plates electrically connected together. A special trans- 
former M with six windings is used. Two of the wind- 
ings G and J, supply the filaments of the two rectifier 
tubes. A third, J, the filaments of the recorder tubes. 
A fourth, U, the high voltage for the plate. The fifth, 
L, supplies the grid voltage, and the sixth, E, is the 
110-volt primary winding. The rectified alternating 
current is smoothed out by means of four microfarad 
condensers P and R, connected across the output 
terminals. As the currents in the grid and plate cir- 
cuits are small, smoothing out inductance was found 
unnecessary. It was found necessary to put 40,000 
ohms as shown at O, across the output circuit of the 
rectifier tube supplying the voltage to the grid, as the 
grid is otherwise insulated from the filament of tubes K 
by the rectifier tube. By means of the filament rheo- 
stats, X and W, the grid and plate voltages may be 
varied over any ranges desirable for the most efficient 
operation of the recorder. By the use of binding posts 
with “straps as shown in Fig. 6, the type B re- 
corder may be operated from A, B and C batteries 
for supplying the filament, plate and grid voltages 
respectively in cases where the a-c. supply is not 
available. 


In cases where very high-speed operation is desired, 
the ordinary relay may be replaced by one designed 
for high-speed operation. 


Discussion 


Wm. McClellan: Is it practical, may I ask, to ase that 
device for the tripping of relays in connection with circuit 
breakers? 


E. E. F. Creighton: Iam not sure from the author’sremarks 
whether he used two frequencies, a fundamental and then a note 
frequency in addition to that, in order to prevent accidental opera- 
tion. Suppose this device were used to operate a distant oil circuit 
breaker, what would be the chances of its operating through 
picking up some wireless wave. 


Allan C. Forbes: I think that Mr. Dunmore has a very 
clever device; the possibilities of which are unlimited, due 


especially to the fact that it is more compact than any relay that © 


Ihave yet seen. I happen to have hada great deal of experience 
in a high power station for the Marconi Company, having done 
the first testing between San Francisco, Honolulu and Japan; 
also between Marion, Mass. and Stavanger, Norway, and I 
have seen a great many recorders, I have worked on them 
personally and this is the first really successful thing that I have 
seen that is efficient and yet simple,—plug it into the light socket 
and let it go. 

Mr. Schraeber: The author has explained that you might 
control a ship or airplane in this way, and he has also explained 
that he is able to get very close tuning, it being possible to tune 
both to the audio frequency and to the radio frequency. Hay- 
ing adjusted his device, I would like to know whether he has had 
any particular experience toward the end of always being able to 
send out the proper wave, either audio or radio, so that the 
device in which there is no individual to do the tuning will 
surely respond to those impulses. Can you set it and leave it 
perhaps for a day or so at some distant point and then start up a 
signal which will be closely tuned to it. 
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Allan C. Forbes: [tried out adevicein Bolinas, Cal. (Marion 
Co.), the 300-kyv-a. Radio Station of the M. W. T. Co. of Amer- 
ica, while there as dynamo tender, and later onasengineer. We 
had a schedule of starting up at 10:00 o’clock in the morning to 
work Honolulu until 2:00 p. m. and then shut down; then start 
up again maybe at 4:00 or 5:00 o’clock and send what few 
messages we had. Then we would shut down until 9:00 o’clock 
at night and then get rid of all the business from 9:00 o’clock 
until 12:00. This was in 1915-16. 


Now there would come long stretches, during good recep- 
tion, when we could afford to shut down, possibly for an 
hour. Then the operator would want power quickly. We 
had induction motors, and all automatic starting; it would take 
us about sixty seconds to start up. Well, I thought out a 
great many plans whereby I wouldn’t have to get out of my soft 
box. Solrigged up arelay device, unbeknown to the Marconi 
Wireless Telegraph Co. of America. I had it fixed so that I 
kept current on the circuit through the relay, and all the operator 
had to do was to touch his sending key, that tripped the cireuit 
which threw in the automatic starter and started the main motor- 
generator set with the mainmotor generator on the way togoing 
up, all I had to do then was to tell the dynamo tender to start 
the air compressors and open the valves and we were all ready. 

We used a grounded circuit, several amateurs in and around 
San Rafael had one kw. stations. They were not careful as to 
their antenna and they used a great deal of power. The relays 
we used were very sensitive, so much so that one time the whole 
station was put into operation, and when I got it all going I 
didn’t hear any signaling going over it, so I called up the operator 
and he said, ‘‘No, I didn’t ring for the juice.”’ J shut down, and 
shortly thereafter I started up the same way again. So I dis- 
connected it and sat over by the relays and I could read all the 
signals that the amateur was sending out from San Rafael. 
Our line was at right angles to San Rafael, and San Rafael was 
over twenty miles away. We could have provided against that 
if we had had Mr. Dunmore’s relay with his audio tuning device. 


D. D. Clarke: I am connected with an operating company 
and a device of this kind appeals to us as one that could be put 
on an auto or truck and enables us to reach the trouble man at all 
times, without the necessity of his keeping his head set on. 

Victor E. Thelin: In connection with the possibilities of 
this relay controlled by radio, I have been thinking of one thing 
which no doubt is of interest to you engineers, as many of you 
no doubt are power engineers, whose work brings you in touch 
with the furnishing of power from rotary converter and motor- 
generator substations. Large metropolitan systems, of which 
the Chicago Surface Lines is typical, heretofore have been fed 
from multi-unit substations, the capacity of which range from 
4000 to as high as 20,000 kw. While complete shutdowns due 
to trouble on the high-tension system do not happen very often 
now, due to the fact that practically all of the high-tension lines 
are equipped with reverse-power relays, which isolate a defective 
line, yet there are times when quite a number of substations are 
shut down, and it is necessary, in order to restore service, to 
open sufficient feeder switches to reduce the load on the feeder 
bus to the amount capable of being picked up by one rotary, 
and then as additional rotaries are connected to the station bus 
more of these feeder switches are closed . 

If the large substations in the residential districts and in the 
outskirts of the city were separated into a number of automatic- 
ally controlled single-unit substations or, at the most, two-unit 
substations, it might be possible to have same so arranged that 
a load despatcher could have complete control of same, through 
the use of a radio controlled relay which might enable him to 
connect all of the stations to the systemsimultaneously. Further- 
more, in case of a shutdown on a low-tension d-c. lighting system, 
such as is used by the Commonwealth Edison Company in Chi- 
cago, it is necessary to have a great reserve capacity in storage 
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batteries in order to restore service, as it is impossible without — 


these batteries for any one rotary converter substation to be 
connected to the distribution system, due to the fact that this 
distribution system is one solid network, and the first substation 
in operation would open up on overload. It might be possible 
to have all the rotaries in both manually and automatically 
operated substations running ready for service, and the actual 
connecting of same to the distribution system could be done 
simultaneously by a load dispatcher through the use of the 
radio relay described here today. There is one point, however, 
on which I am not clear, as I have not as yet become a ‘‘wireless 
bug” and that is as to whether or not it would be possible to ar- 
range these relays so that they could be operated independently 
of all the others in regular service and yet all be closed sim- 
ultaneously in case necessity so demanded. 

H. L. Wallau: There is a possibility of having one or more 
of these devices to perform different functions in the remotely 
controlled wireless substation, and I should like to know whether 
there would be any great difficulty in establishing a code of audio 
signals that could be easily transmitted from some central point. 

F. W. Dunmore: [ have, in developing this relay, merely 
developed it as a mechanism to be operated by radio, having left 
the finer details of selectivity by means of group signals to some- 
one else who may design a ratchet mechanism that would be 
operated by this relay. The air service is doing work along this 
line and has actually obtained results. You have probably read 
of their radio controlled auto which they have been steering 
through the streets of Dayton, Ohio, maneuvering it right and 
left and starting and stopping it and blowing the horn. That 
has all been done, first, through a relay, and secondly by means 
of a series of signals properly spaced, and of suitable length, 
operating a selectivity mechanism, mechanically selective, 
which, in turn, gives the different controls. These methods for 
obtaining selectivity, may be used for the control of oil cireuit 
breakers in order to prevent them from being operated by any 
other signal. 

I remember reading recently in one of the radio magazines 
an article which stated that there had been developed a relay, 
which performed a similar function to that of mine, but was so 
fixed mechanically, by certain ratchet mechanism, that it would 
respond only to three dots, three long dashes, and three more 
dots (the distress signal). This could be put on a ship without 
an operator and would ring a bell whenever a ship sent a distress 
signal. 

I cite the above merely to show it is possible to make a relay 
doubly selective, not only electrically selective by radio, both to 
radio frequency and audio frequency, but also mechanically 
selective to the extent that it will not operate a control switch 
or a signal bell unless a certain number of signals are received 
in a given time and suitably spaced. A somewhat similar method 
was used by the air service in the control of the auto in Dayton. 

There is another method of obtaining mechanical selective 
control with which I am familiar, but which I cannot go into now, 
whereby any number of controls could be made. It is very 
flexible, making possible 25 or more different controls. 

I believe the foregoing will answer the first two questions. 
In the development of my relay no attempt was made to obtain 
mechanical selectivity. 

As for keeping an enemy from operating the relay, this could 
be taken care of by the use of a combination of electrical and 
mechanical selectivity. The code could be deciphered in time 
but the relay may be constructed so as to operate on a number 
of different codes. 
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As for leaving the relay ata substation without an attend- 
ant, there is always the danger of a tube burning out, but as the 
life of a tube is several months, this danger is remote. The con- 
trol signal could be sent from a given point, and on a given wave 
length, and be of such character that it would operate the 
mechanically selective mechanism, which in turn would open or 
close the circuit breakers. 


By utilizing electrical and mechanical selective features, it 
should be possible to keep an interfering station from operating 
the relay mechanism. 


Regarding the use of the relay on trucks in order to eall 
linemen, it would be simpler to use a radio receiving set without 
the recorder. This would not require as much mechanism. If 
the truck were in motion, the relay could be used to make a 
visual indication or eall. 


The relay was developed primarily for use on airplanes, and for 
this reason was designed to operate on a signal of sufficient 
strength to give positive action. For use on an airplane a relay 
should be very rugged and simple, with no delicate adjustments 
of spring tension and relay contacts or suspending elements. 
In my type of relay the spring tension can be made considerable, 
thus pulling the armature back so that vibrations on the plane 
will not move it until the signal is received. The ignition poise 
is picked up by the radio receiving set, in some eases just as I 
received it here from that commutator, and in cases where it is 
very loud it might operate the recorder. It is possible to shield 
the ignition systems on airplane engines so as to reduce the noise 
from the ignition to a minimum. If this interference is not 
stronger than the received signal, it will not operate the recorder. 
Thus the relay may be readily used for visual indication on a 
plane, as the noise is so great from the roar of the engine that it 
is hard to read a signal by ear. 


As for controlling a number of substations by means of one 
central radio transmitting station, this may be done by sending 
a signal of a given wave-length and character as I have previously 
mentioned. Each substation should have a radio receiving set 
in operation ready to receive the signal. This would mean that the 
filaments of the tubes would have to be lit, so that the radio receiv- 
ing set would be ready to function, and thereby operate the 
relay. 


Mr. P. D. Lowell and I have recently developed at the Bureau 
of Standards a radio receiving set that operates entirely from the 
a-c. power line. It consists of six stages of amplification. This 
might be used in conjunction with the recorder on the a-c. supply. 

Some very interesting questions have been asked by Mr. 
Varley of New York, some of which might interest you. He 
inquired why twenty volts are necessary to reduce the plate 
I am using such a high plate voltage that it 
requires a large grid voltage to reduce the plate current to zero. 
Mr. Varley stated that three volts should be sufficient. Three 
volts would be all right with a plate voltage of 20 volts; I have 
200 volts, so I must have a correspondingly higher grid voltage. 
The use of a-c. does not affect the operation of the recorder. 
When the relay is adjusted for maximum sensitivity, with a 
spring tension so that the armature is just about to make contact, 
there is a slight 60-cycle chatter of the armature but is not ob- 
jectionable because the relay is never operated in that condition. 

Mr. Varley also asks why 4000 ohms were used across the 
condenser in smoothing out: It should be 40,000 ohms. It 
serves as a grid leak and keeps the grids from being insulated 
from the rest of the cireuit. A receiving tube cannot be operated. 
with the grids insulated from the filament. 


Magnetic Flux Distribution in Transformers 
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It is customary when discussing magnetic leakage in the transformer to consider the primary and secondary wind- 


ings as having a counter e. m. f. induced by a flux surrounding the coil and having the core for a part of its path. 


leakage flux is frequently represented by closed lines. 


This 


Since the main flux is also represented by closed lines in the core, apparently two fluxes are to be found in the core 
under a given coil, namely, the leakage flux and the main flux. 

The main flux is the flux found in the core at a point not under either the primary or secondary winding, and 
has been commonly considered as being the flux which causes the secondary induced voltage. 

If the leakage fluxes have a separate existence, 1. e., if they are to be represented by closed lines, then the flux along 
the edges of the core would consist largely of leakage lines while that to be found in the middle portion of the core would 


be the main flux. 
present as separate fluxes. 


Since these fluxes are out of phase with one another it should be possible to identify them if they are 


Using a simple test core-type transformer, provided with belt exploring coils under both the primary and secondary 
windings, data concerning the magnitudes and phase positions of the fluxes in different sections of the core were secured. 


The results show that leakage fluxes do not exist as separate fluxes in the core. 


It is also shown that the primary 


and secondary induced voltages are equal to the primary and secondary terminal voltages diminished and increased 


respectively by the corresponding I R drops. 


ome difference of opinion exists among engineers 
concerning the distribution of lines of magnet flux 

in a transformer operating under load. Many 

and in fact practically all of the text-books, in the writers, 
treatment of the transformer, divide the so-called 
leakage reactance into two parts, one part being due to 
the primary ampere turns, and the other to the second- 
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% m = main fiux. 
%p = primary leakage flux. 
%s = secondary leakage flux. 


ary ampereturns. This notion of the leakage reactance 
assumes that a secondary leakage flux exists, and in many 
cases is taken as being equal to the leakage flux of the 
primary. Others believe that the leakage flux actually 
to be found in a transformer is the result of the com- 
bination of primary and secondary m. m. fs. rather than 
a combination of the fluxes produced by each m. m. f. 
acting separately. 


OBJECT OF THE PAPER 


In order that the experimental evidence might: be 
secured, a small transformer was built up, and the flux 
distribution studied. It is the purpose of this paper 
to describe this investigation, and point out some 
conclusions which may be drawn from the results 
obtained. ' 

Presented at the Spring Convention of the A. I. E. E., Chicago, 
Ill., April 19-21, 1922. i 


EXPERIMENTAL APPARATUS: THE ‘TRANSFORMER, 
INSTRUMENTS AND GENERATOR 


By reference to Figs. 1 and 2, which are drawn in 
accordance with the two theories outlined above, it will 
be seen that the difference in the flux distribution is 
to be found in the space underneath the secondary 
coil. The flux under the primary coil is the same 
according to either theory. 

In order that the flux and its phase relations might 
be determined, it was decided to make use of belt 
coils similar to those described by Kennelly and Alger 
in their paper on “Magnetic Flux Distribution in 


‘Annular Steel Laminae”’ before the Institute in 1917. 


The simple type of transformer shown in Figs. 1 and 
2 was chosen, and belt coils were threaded through 
holes bored in the core underneath the primary and 
secondary coils. 


Fig. 2 


%; = flux which threads both primary and secondary. 
és’ = flux which threads primary, but which passes outside secondary. 
¢%p’ = flux which threads primary only. 


The core was built up out of straight laminations 
8 in. (20.3 em.) long, 2 in. (5.08 cm.) in width, and 
having a thickness of 0.014in. (0.455mm.). These 
laminations were cut from a good grade of silicon 
transformer steel. The punchings were all carefully 
annealed after cutting, and the oxide thus formed was 
depended upon to furnish sufficient insulation between 
sheets. The core data are given herewith. 
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128 
1.875 in. (4.76 em.) 
0.014 in. (0.355 mm.) 
3.375 sq. in. (21.7 sq. cm.) 


Number of laminations...... 
Depth7of Cores... +.%5. e/eniaeces 
Thickness of lamination..... 
Cross-section of core........ 
Stacking factories <0 se. tee 0.9 

Weight 0f Core. o/cigksieir ns. ees 24.2 Ib. (10.52 kg.) 
Number of air gaps......... 4 


Be tit TTR 1 Reet 


Six holes, 0.154in. (0.391 cm.) in diameter, were 
drilled through the core in the locations shown in Fig. 
3. They were carefully reamed out to size, all burrs 
removed, and the surfaces painted with shellac. 
Through these holes, 40 turns of No. 34 B & S enameled 
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Core area diminished by the area of the belt coil holes = 2.9 sq. in. 
(16.7 sq. cm.) 

All transformer coils have 200 turns each, and are wound with No. 16 
B and § wire. 

Coils 7 and 8 were used as tertiary coils. 
used in this investigation. 

Resistances of transformer coils at 25 deg. cent: 

(1) = 0.772 ohm (4) = 0.769 ohm 


Coils 20 and 21 were not 


(2) = 0.767 (7) =0.775 “ 
(3) = 0.771 (8) = 0.782 “ 
Belt coil area (cm.)2 : 
(1) 4.59 (5) 4.43 
(2) 3.80 (6) 3.77 
(3) 3.74 (7) 3.81 
(4) 4.67 (8) 4.76 


wire were wound, forming altogether eight belt coils, 
with 80 wires per hole. The belt coils were numbered 
from 1 to 8, numbers 1 to 4 being under the primary 
coil. 

The positions of the various coils when placed upon 
the core are shown in Fig. 3. As seen in the figure, the 
primary and secondary each consisted of two coils, 
with the belt coils under the middle of each winding. 
Each coil before taping was one inch square in cross- 
section. 

After canvassing the list of available instruments, 
it was decided to connect a low-reading milliammeter in 
series with the belt coil under test and a sensitive ele- 
ment on the oscillograph. The ammeter has a full- 
scale deflection of 0.030 ampere, a reactance of from 
0.25 to 0.27 henry and a resistance of 304.5 ohms. 
To prevent the current through the belt coil in 
use from distorting the flux, it was necessary to provide 
a similar load for each of the three belt coils not under 
test. To do this three coils were each wound to an 
inductance of 0.25 henry and a resistance of 300 ohms. 
The winding data for these coils were obtained from 
the curves given by Brooks in Bulletin 53, University 
of Illinois, Engineering Experiment Station. 
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To make changes in connections easily and quickly, 
the three loading coils and the test circuit were con- 
nected to telephone plugs as shown in Fig. 4. 

An alternator rated at 7.5 ky-a., 110 volts, 60 cycles, 
furnished practically a sine wave for the test. 


METHOD OF TEST AND RESULTS 


Tests were made with the transformer operating 
under the following conditions: 

(a) No-load. 

(b) Secondary short-circuited, with impedance volts 
supplied to the primary. 

(c) Non-inductive load. 

(d) Inductive load. 

A magnetization curve was taken, and a point chosen 
on it below the knee of the curve so that the exciting 
current would not show distortion due to changes in 
permeability. 

Oscillograms showing the phase relation of the belt 
coil current and the impressed voltage were taken. The 
voltage wave, designated by the letter e on the oscillo- 
grams, was used as a reference for determining the 
position of the current flowing through the particular 
belt coil under test. In each case while the current in 
one belt coil was being investigated, the other three 
belt coils were connected to their respective loading 
coils. 

On account of lack of time the usual method of 
taking oscillograms was not followed; instead bromide 
paper was placed on the viewing screen and exposed for 
a period of about 10 seconds. The oscillograms appear- 
ing in this paper are from photographs of these prints. 


Using the belt coil ammeter readings, and the con- 
stants of the ammeter circuit, the voltage induced in 
each belt coil was calculated. From these voltages 
the fluxes linking the various belt coils were obtained. 

Using the calculations given in the appendix based 
upon the no-load and impedance test data, the phase 
positions and magnitudes of the various voltages were 
calculated. The data obtained from the belt coils 
are compared in each case with the results obtained by 
calculation. 

The vector diagrams are drawn to scale using the 
calculated data. . . 
(a) No-Load Conditions. Core loss test data: 
115 volts, 0.08 ampere, 2.47 watts, 61-cycle frequency. 
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TABLE I. 
Results of Tests Made Under No-Load Conditions. 
Flux per Degrees 
Belt Coil Belt Coil sq. cm. Displace- | Average Average 
No. Amperes (B’ max) ment B' max Angle 
I II Til IV V VI 
1 0.0086 5680 40 
2 0.0084 6690 40 6230 37 lag 
3 0.0086 6950 35 
4 0.0088 5600 32 
5 0.00835 5640 35 
6 0.00835 6610 33 6070 33 lag 
7 0.0085 6640 33 
8 0.0086 5390 32 


Fluxes in column (III) are calculated from column (II) and show the 
maximum value of flux threading the belt coil turns. 

Angles in column (IV) are taken from the oscillograms, and have been 
diminished by 180 degrees since an applied voltage rather than an induced 
voltage was used as a reference. 

The flux density corresponding to the impressed voltage (115) is 6240 
lines. 


The lag angles shown in Table I show but little 
variation, and an angle of 33 degrees will, therefore, be 
subtracted from the angles measured on the oscillo- 
grams. This correction when applied to the position 


of the belt coil current wave, should give the approxi- 
mate location of the voltage induced in the belt coil 
winding. 


1 2 3 4 
Primary Belt Coils 


Secondary Belt Coils 
Fie. 5—No-Loap ConpiTtions—SHowina Posirions or BEeur 


Coin CURRENTS 
e = reference voltage 


The flux density given by the table is seen to be 
greater in the middle of the core than on either side. 
This condition is true for both the primary and second- 
ary, the primary being slightly greater in value. 

It will be noticed in all the following tests, that the 
flux distributes itself across the core in about the same 
manner no matter what the condition of loading may be. 

(b) Impedance Conditions. (Secondary  Short- 
Circuited.) Test data: Impedance volts (H,) = 60 
volts, primary current (J,) = 4 amperes, input watts 
(W,) = 51.3 watts, tertiary volts (E,,) = 24 volts, 
frequency (f) = 60 cycles. ; 
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TABLE II. 
Results of Belt Coil Tests Made Under Impedance Conditions. 


: Degrees 
Belt Coil] Belt Coil] B’maz Displace-|Corrected| Average} Average 
No. Amperes ment Angle B' maz Angle 

I II iil IV V VI VII 
1 0.0046 3040 24 lag 9 lead 
2 0.0045 3580 22 “ i hy Nag 3330 8 lead 
3 0.0045 3640 a7 SE oT 
4 
5 310* 98 lag | 65 lag 
6 370* 98 “ 65, 45 340 66 lag 
7 370* 100 “ Gh 22 
8 


Angles in column (V) are equal to those in column (IV) diminished by 
33 degrees. 

*These fluxes were calculated from the amplitude of the current wave, 
the oscillograph element having been previously calibrated. 


Secondary Belt Coils 


Fia. 6—ImMPEDANCE CONDITIONS—SHOWING PosITIONS AND 


MaanitupEs or Bett Cort CuRRENTS 


e = reference voltage. 


Voltages and flux densities, calculated (see appendix) 
from the constants of the transformer, and the test 
data, are given in Table III. . 
TABLE III. 


Voltages and Flux Densities Obtained by Calculation. 
(Impedance Conditions) ; 


Degrees 
Voltage Bmaz B' maz Displace- 
£ ment 
I II III IV 
Ep =60 +j0 
Ep’ = 58.7 +j6.0 2530 3290 6 lead 
Em = 23.9 —j 1.6 1030 1470 4 lag 
EB’, = —1.32 +76.1 260 340 76 lag 
Es =0.0 +/j0.0 ‘ 


Ep = primary impressed voltage. Ep’ = Ep diminished by IpRp. 

Ey = voltage induced by main flux, i. e., flux in parts of the core not 
under either primary or secondary coils. ee 

Es = secondary terminal voltage. Es’ = Es increased by IRs. 

Bmaz = normal flux density in the core. 

B’max = iormal flux density in the core based on undiminished cross- 
section of core. 
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From a comparison of the flux densities and angles 
shown in columns VI and VII of Table II with the 
corresponding values in columns III and IV of Table 
ITI, it is clear that the voltage induced in the primary 


is E,’ and that the secondary induced voltage is 


E,’. E, has been commonly referred to as the voltage 
induced in the secondary winding, but the data show 
that the flux found under the secondary winding is 
only sufficient to induce a voltage equal to the second- 
ary I R drop. 


iter: vf 


No trace of the leakage flux is found in the core under 
the secondary as a separate flux, the distribution across 
the core being similar to that at no-load, and the angle 
of lag practically constant across the core. The only 
flux found under the secondary coils is that sufficient 
to overcome the secondary J R drop. 


The vector diagram shown in Fig. 7A, is drawn in the 
manner usually found which assumes that there is an 
actual reactance drop in both primary and secondary, 
and that the induced voltage is equal to E,,. Another 
diagram based upon the idea that the induced voltages 
are those found in this test is shown in Fig. 7B. 

Either method will give the same numerical results, 
but it is to be remembered that the leakage flux and the 
main flux cannot exist in the core as separate and 
independent fluxes. Further discussion of the two 
methods will be found later in this paper. 


(c) Non-Inductive Load. Test data: H, = 115 
volts, I, = 3.82 amperes, frequency = 60 cycles. 


TABLE IV. 
Results of Belt Coil Tests Made with Non-Inductive Load 


Degrees 

Belt Coil/Belt Coil) B’maz | Displace-| Corrected| Average | Average 
No. Amperes ment Angle B’' max Angle 
I II III Iv Vv VI VII 
1 0.0082 5400 18 lag | 15 lead 
2 0.0080 6380 S67 Oh toe ~ 6020 14 lead 
3 0.0080 6500 7.) Wid 1S TS 
4 0.0085 5500 26.” is 
5 0.0067 4600 54 lag | 21 lag 
6 0.0068 5460 | eee Pe Pe 5050 20 lag 
7 0.0069 5500 Ge a 
8 0.0070 4450 i} he 184.5 
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TABLE VY. 


Voltages and Flux Densities Obtained by Calculation 
(Non-Inductive Load) 


Degrees 
Voltage Bmaz B' maz Displace- 
ment 
I Ir Tit IV 
Ep = 115 +70 : 
Ep’ = 109.8 + 72.86 4800 6240 1 lead 
Em = 93.3 —j 26.8 4240 5510 16 lag 
Es’ = — 82.7 +7 46.0 4120 5360 29 lag 
Es = —77.4 +] 48.2 


A comparison of Tables IV and V shows that the 
voltage induced by the flux under the primary cor- 
responds to H,’ while the flux under the secondary 
induces a voltage of H#,’.. While the numerical values 
do not check as closely as might be desired, yet they are 
sufficiently close to lead to the conclusion given. 

(d) Inductive Load. Test data: EH, = 115 volts, 
I, = 4.03 amperes, frequency = 60 cycles. 


Load characteristics:.. Hy. = 54. volts,” 7, = 4.04 


amperes, W joaa = 50.6 watts. 


1 = 3 4 
Primary Belt Coils 


Secondary Belt Coils 


Fig. 8—Non-Inpuctive Loap—Ssowine Positrons or Breit 
Coit CURRENTS 
e = reference voltage 


TABLE VI. 


Results of Belt Coil Tests (Inductive Load) 


Degrees 
Belt Coil} Belt Coil | B’max Displace-|Corrected| Average! Average 
No. Amperes ment Angle B’max Angle 
I II TIl IV V VIE VII 
1 0.0087 5740 20 lag | 13 lead 
2 0.0083 6620 zy i aaa 6250 13 lead 
3 * 0.0081 6580 + re : : 
4 0.0088 5700 se 
5 0.0040 2750 29 lag | 4 lead 
6 0.0040 3210 28 .* a 2950 3 lead 
7 0.0040 3160 sae 2 
8 0.0040 2530 Rehr 2 
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TABLE VII. 
Voltages and Flux Densities Obtained by Calculation (Inductive Load) 
Degrees 
Voltage Bmax B’ max Displace- 
ment 
I II Til IV 
Ep =115 +j0 
Ey’ = 113.6 +76.11 4870 6330 3 lead 
Em = 78.4—Jj1.88 3360 4370 1 lag 
-Es’ = — 55.6 +/6.98 2390 3110 7 lag 
Es = — 54.2 +70.86 


DISCUSSION 
The flux threading the belt coils was found in every 
case to be sinusoidal. The reluctance of the four air 
gaps in the core effectively prevented the distortion 
noted by Kennelly and Alger in their paper previously 
referred to. 


1 ; 2 “8 4 
Primary Belt Coils 


Secondary Belt Coils 


Fic. 9—InpuctiveE Loap—SHowine Positions or Brextr Coin 
CURRENTS 
e = reference voltage. 


All the evidence of the tests made goes to prove that 
the voltage induced in the primary winding is the sup- 
plied voltage diminished vectorially by the primary 
I R drop, and that the voltage induced in the secondary 
winding is equal to the secondary terminal voltage 
increased vectorially by the secondary J R drop. The 
flux usually referred to as the main flux, and so called 
in this paper, does nqt alone produce the induced 
voltage in either the primary or secondary. 

Practically all of the flux found in the ordinary low- 
voltage transformer, as for example the type generally 
used for distribution, is produced by the ampere turns 
of the primary. The ampere turns of the secondary 
modify the flux produced by the primary, but do not 
produce any flux which enters the core. The secondary 
winding may produce flux which does not enter the 
core, and this will be the case with the higher voltage 
coils where the distance between coils and core becomes 
quite large. 

It would seem, in view of the fact that the leakage 
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fluxes do not have a separate and independent existence 
in the core, that it is better not to represent such fluxes 
by closed lines in the core, because the use of the line 
conveys the idea that the leakage flux occupies a place 
close to the edge of the core, thus crowding the main 
flux to the middle of the core. The conception of lines 
of force is merely for convenience, and in cases where 
two or more m. m. fs. not in the same phase are acting 
upon a common part of the core, an altogether wrong 
conclusion may be arrived at, if the idea of lines is 
adhered to closely. 


A figure (Fig. 10) suggested to the writer by Prof. 
Alfred Still, of Purdue University, will perhaps serve 
to make the presentation of what occurs in the core 
more accurate than the diagrams as usually drawn. 
The main flux is represented by three arrows showing 
the direction of the m.m.f. of the primary winding. 
Under the primary winding four arrows are found, 
indicating that the primary leakage flux is out of phase 
with the three arrows representing the main flux. This 
flux, and in fact all of the fluxes in the core may be 


Fie. 10 


considered as spreading across the core in the same 
manner as when no current is flowing in the secondary 
winding. Under the secondary winding the flux 
indicated by the two arrows is the vectorial difference 
of the four arrows under the primary, and the four 
arrows representing the leakage. 

The calculation of the leakage paths has always 
nelgected the path in the iron, and since the air paths 
shown in the figure have not been changed, the method 
of calculation and the numerical results obtained there- 
from are not affected by this investigation. 


CONCLUSION AND SUMMARY 


This investigation has shown that for the simple type 
of transformer investigated the leakage fluxes are not to 
be found as separate fluxes under the primary and 
secondary coils. Thus the method of representing the 
leakage fluxes so commonly used in text-books dealing 
with transformers in which the leakage fluxes are 
represented by lines in the same part of the core with 
other lines out of phase with them, does not picture a 
condition which actually exists. 

It has also been shown that the voltage induced in 
the primary winding is equal to the supplied e. m. f. 
diminished by the J R drop, and that the secondary 
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induced voltage is equal to the secondary terminal 
voltage increased by the secondary J R drop. 

The writer wishes to express his appreciation to the 
members of the Staff of the School of Electrical Engi- 
neering at Purdue University, who have taken a lively 
interest in the matter and who have offered many 
suggestions of value. Especial thanks are due to 
Prof. Alfred Still, who has followed the work closely, 
and under whose general supervision the thesis,! of 
which this is an abstract, was conducted. 


Appendix 
CALCULATION OF FLUXES FROM BELT CoIL AMMETER 
READINGS 
Measured inductance of ammeter = 0.25 henry. 
Resistance of circuit including ammeter, belt coil, 
oscillograph and connections = 311 ohms. 
(311) ?+ (877) (0.25) 
ance at 60 cycles. 
The e. m. f. induced is: 
4 4fNo10°% and need ozed, 
325 I 108 
4 4A4 40 


Then \ = 325 ohms imped- 


The maximum flux density is then 


where A = belt coil area, f = frequency, J = belt coil 
current in amperes, 40 = turns per belt coil. 


CALCULATIONS FOR THE DIFFERENT CONDITIONS OF 
LOADING 

The following list of symbols will be used. 
= Voltage impressed on the primary. 
= Voltage induced in the primary winding. 
= Voltage induced by the main flux in the 

tertiary coil. 
: = Secondary terminal voltage. 
;’ = Voltage induced in the secondary winding. 

I, = Primary current. 

L, = Secondary current. 

W, = Watts input to primary. 

Wicg = Watts output of secondary. 

Test (b) Impedance Conditions: Calculation of E,,. 
Test data: E, = 60, I, =4, E, =0, E, = 24, W, 
= 51.3. 

Let E,, =e+je’. Assuming that EF, = 60+70 
then the primary current J, = 4 (0.214— 70.976) 
= 0.856 -— 73.9. 

The voltage usually called the primary J X drop 
may be represented by a (0.976 +7 0.214), where a is 
its real value in volts. 

The primary JR = 1.54 (0.856 —73.9) = 1.317 


—j6.0 
Then E,’ = (60 +j0)— (1.317—j6.0) 

= 58.68 + 76.0. 
Also (e+je’) +a(0.976 +70.214) 

= 58.68 +76.0 


1. Graduate Thesis, “Investigation of Leakage Fluxes in 
Transformers,” by K. B. McEachron, Purdue University, 1920. 
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(0.976a + e) +7 (0.2144 + e’) 
= 58.68 + 76.0 

These are identically equal, and therefore, 

0.976 a + e = 58.68, and 0.214 a + e’ = 6.0also, (1) 
Ve +e" = 24, since from the data, E,, = 24. (2) 
Eliminating a between the equations in (1), substituting 
in (2) and solving for e’ we have 

e’ = 11.36 or — 1.60. 

From the vector diagram it may be seen that — 1.60 
is the correct value. Substituting this value in equa- 
tion (2) and solving we obtain, 

Qe 2 Oe 
Thus L,, = 23.95 — 71.60. 

Primary I X. For use in the following calculations 
it will be useful to find value and phase position of the 
primary I X: 

It is (58.68 + 76.0) — 


and 


(23.95 —3 1.6) = 34.73 
; side Oe 
The primary reactance is then 


34.74 97.6 
0.856 — 7 3.90 


The primary resistance is 


_ 1.317- 76.0 
~ 0.856 — 7 3.90 


The primary impedance is therefore 1.54 +78.88. 
The total transformer impedance is then 


60 +70 
0.856 — 7 3.90 


Since the ratio of the transformer is 1 to 1, the 
secondary impedance may be taken as the difference 
between the total and that in the primary. The 
secondary impedance is then 1.66 +)75.72. The 
measured value of the secondary resistance was 1.54. 

This check is quite satisfactory when it is remembered 
that the value of R depends upon the wattmeter read- 
ing. The fact that the core loss was neglected tends 
to make the resistance come out higher than it should. 
The secondary impedance will therefore, be taken as 
1.54 + 95.72. 

Then FE,’ = (— 23:95 + 71.60) — (0.855 

— 73.9) (1.54 + 75.72) = 1.32 +76.1. 

Test (c) Non-Inductive Load. Test data: E, = 115, 
Fe 3382! 

Let E, = 115 +70. 

Using (3) we have, 


=0+78.88 


= 1.54+70. 


= 3.24j14.6 (3) 


1 
J, = 3.04 = sid eit EPs or R = 26.4 ohms. 
V R? + (14.6)? : 
then 
115 +70 : 
Se DB Avt. 5 AiGy = 3.35—7 1.86. . 
E,’ = (115 +70) —- (1. eet (3.35 — 7 1.86) 


= 109.8 + j 2.86. 
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E, = (109.8 + 7 2.86) — (O +3 8.88) (3.35 — 7 1.86) 
= 93.3 — 7 26.84. 
E,’ = (— 93.8 +7 26.84) — (0 + 75.72) (— 3.35 
+ 71.86) = — 82.68 +7 46.0. 
E, = (— 82.68 + 746.0) — (1.54 +70) (— 3.35 


+ 71.86) = — 77.5 +7 43.14. 
The voltage H, will be found to be in phase with the 
secondary current. 
Test (d) Inductive Load. Test data: E, = 115, 
T= 403 0 By a4, oF OA W cg t= 50:6. 
The resistance and reactance of the load respectively, 


are: 
2 


B06 =3.1 and X es ) 12 
SSK Al ain a 1.03 —¢.=18 


Fi = (408) 


Total resistance including load = 3.08 + 3.1 = 6.18. 
Total reactance including load = 14.6 + 13.0 = 27.6 


115 + 30 : 
Total I,= Gag yja7.6 = 0-889-73.97. 
E,’ = (115 +70) — (0.889 — j 3.97) (1.54 +50) 
eatis565 6.11, 
En, = (1138.6 + 76.11) — (0.889 — 73.97) (0 


+ 78.88) = 78.4— 71.88. 


EB,’ = (— T8:4°-+ j 1.88) (= 0:889 + 73.97) (0 
+ 75.72) = — 55.64 76.98. 
E, = (— 55.6.+ 76.98) — (— 0.889) + 73.97) (1.54 


Ei Oe = 54, 21-70. 86. 


Discussion 


R. E. Hellmund: The points brought out in the paper 
simply emphasize something which is overlooked too much in 
teaching. In electrical engineering, we frequently cannot 
see the real thing and are forced to adopt conventions in order 
to make things clear with our limited mental facilities. Now, 
as long as we have to adopt conventions, we are perfectly at 
liberty to adopt the one or the other, but the thing that is neg- 
lected is to make it perfectly clear that we are dealing with 
conventions instead of facts. It is all right to teach the sep- 
arate fluxes to the students, but we must keep in mind that in 
doing so we are adopting conventions and that the actual resul- 
tant fluxes may be different as shown in the paper. 

This same point has been discussed for many years, especially 
in connection with induction motors, where similar problems 
arise. For instance, if we have induction motor slots (A) and 
(C) as shown in Fig. 1, we can represent the main flux by lines 
(6), the primary leakage fluxes by lines (a), and the secondary 
leakage fluxes by (c). Now if we assume the extreme case of 
standstill and zero resistance in the secondary squirrel-cage 
winding, we know that the resultant flux entering a secondary 
tooth must be zero; in other words, the secondary leakage flux 
(c) must be equal and opposite to the main flux (b). It follows, 
therefore, that as a matter of fact we do not have separate fluxes 
(6 and c), but a flux (d) which flows around the primary slot, 
across the air gap, and across the secondary slot opening; in 
other words, we have here a condition in an induction motor 
similar to those discussed in the paper for a transformer. Here 
it is again convenient to adopt conventions dealing with separate 
main and secondary leakage fluxes, while as a matter of fact, the 
real fluxes are entirely different. There is no harm in adopting 
the convention so long as it is made clear that we are dealing 
with conventions, not actual facts. 

Another similar case is the so-called zigzag leakage in induc- 
tion motors, which is frequently illustrated by a flux line (a) as 
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shown in Fig. 2. We have, of course, in addition to the leakage 
fluxes, the main flux lines (6). It is at once evident in this figure 
that we will not actually have in the air gap portions (Ps) 
certain fluxes (a) flowing in one direction and another flux (b) 
flowing in the opposite direction, but that we actually have a 
resultant flux density in the gap portions (P2) which is the 
difference between the fluxes (a) and (b). In other words, the 
zigzag leakage fluxes merely weaken the field in the gap portions 
(P2). Similarly, it is evident that the leakage fluxes (a) 
strengthen the flux in the air gap portions (Pi). It is, 
however, practically impossible for us to work up theories taking 
into account the effect of the leakage fluxes along the actual 
line of weakening the main flux in certain portions of the gap 
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and strengthening it in others; while, if we adopt the convention 
of separate fluxes, the desired result is obtained without much 
difficulty. 

An exception to the more usual cases, where the leakage 
fluxes do not actually exist in line with the adopted conven- 
tions, is found in the end connection leakage of induction motors. 
Fig. 3 shows primary core (D) and secondary core (F), with coil 
windings in the primary and squirrel-cage windings in the sec- 
ondary. The main fiux is illustrated by a line (6). There will 
be primary end connection fluxes (e;) going through the air 


around the coil ends. There will also be secondary end-connec- 
tion}leakages (e2) going around the end rings of the squirrel- 
cage motor. These leakage fluxes actually exist separately of 
the main flux. In addition to these fluxes, there may be other 
end-connection fluxes (e3), for instance, which go around the 
end rings of the secondary, but which go partly through the 
secondary core. As shown in this latter case, they may not 
exist separately, but again modify other fluxes. 

It will be seen that the facts depend entirely upon the case, 
and that it is difficult to take into account the actual conditions 
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for all the varieties which are met in practise. The main point 
is that we must always keep clearly before the student the con- 
ventions that are adopted in working out a problem. 

P. Trombetta: If the self-inductive reactance of the primary 


Fig. 3 


of a transformer is X» and of the secondary is X, then if the volt- 
age applied to the primary be EH» the flux %) surrounding 
the primary must be such as to balance the voltage Eo —: Ro Lo 
where J) and Rp are the current and resistance of the primary 
circuit. 

When there is no load in the secondary the voltage induced 
in it is Hy — Z) Jy where Z and J) are the impedance and current 
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in the primary circuit. When there is a load in the secondary 
the voltage distribution in it is: ZH, = EH, + 2,1; where &, is 
the voltage consumed in the load and Z,1, = voltage con- 
sumed in secondary impedance Z, J) =yititjumt = 
i (v1 “i j 21) 

Now it is immaterial whether in the calculations of a trans- 
former or an induction motor we assume that j x: J; is generated 
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Fig 5 


and consumed by the self-inductive reactance of the secondary 
circuit or that it is not generated at all. The most significant 
point to note is however, that this quantity can be found by 
finding the leakage reactance voltage of the secondary. The 
exact fact is, however, that this part of the secondary e. m. f. 
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isnot generated atall. In Fig. 4is shown precisely what actually 
happens; namely, there are three different sets of lines of forces 
in the magnetic circuit of the transformer, ) may be called the 
main flux and goes through both the primary and secondary, ®’o 
is the primary leakage flux and goes through the primary coil 
only, #;’ is the secondary leakage flux and goes through the 
secondary coil only. But it is seen that #;’ and ®» are flowing 
in opposite directions inside of the core while %,’ and ) are 
flowing in the same direction inside of the core. Inthe primary, 
therefore, we have a real leakage flux which actually exists and 
represents a certain voltage consumption. In the secondary, 
on the other hand, we have conditions which cannot physically 
exist. On the outside of the secondary coil 6,’ and &) can flowin 
the same direction and consequently what actually happens is 
that #,’ does not represent a real leakage flux but a part of the 
main flux which is taken from the inside of the secondary coil 
to the outside, that is, the flux inside of the secondary coil under 
load conditions isnot ®) but 9 — &,’ and since #,' represents the 
leakage voltage, the actual voltage induced in the secondary is: 
Ei-—juylj=Ee tu 

In other words, the total voltage induced in the secondary is 
the voltage consumed in the load plus the resistance drop in 
the secondary winding. The conditions above described are 
represented in Fig. 5. 
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The basis for the above conclusions are to be found in the 
following physical explanation of reluctance and permeance. 

It is well known that every substance (including vacuum 
which is not a substance but empty space) has a definite coeffi- 
cient of permeability »; in some cases this coefficient is variable, 
in iron for instance. For other substances it is constant. 
Taking into consideration the fact that we have definite knowl- 
edge of » for those substances for which it is variable, we may 
state that having given the m. m. f. acting on a magnetic circuit 
of a certain substance we can calculate the flux flowing through 
that magnetic circuit. On the other hand if we apply a m.m. f. 
F, to a cireuit in which there is already applied a m. m. f. — F, 
the resultant flux through that circuit is zero. This may be 
expressed mathematically in two ways first we may say that the 
total m. m. f. acting on the circuit is the summation of the two 
m.m.fs. fF; and — F; and therefore equals to zero; second we 
may say that the permeability of the magnetic circuit has become 
zero. In either case we are correct. When F;, is numerically 
larger or smaller than — F’,; there will be some resultant flux and 
if we write the equation t 


Fy 


R 


we find that R is very much increased if F; > — F; while if 
F, < — F,, R actually becomes negative. On the other hand 
it is found that the permeability of the medium between the two 
coils has been greatly increased, in other words, in Fig. 6 the 
permeability of the iron included in the length “‘a’”’ has become 
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of infinite reluctance while the air along the path x y has been 
made more permeable. 

That the application of a m. m.f. to a body is equivalent to 
increasing its permeability in one direction and decreasing it in 
the opposite is shown by the fact that electromagnets, whatever 
may be the nature of the core material, when placed in a mag- 
netic field behave exactly in the same manner as a substance, 
the permeability of which is such that when exposed to the same 
field would increase the magnetic flux: by the same amount that 
it would be increased by the new system with substance of differ- 
ent permeability and with a given m.m. f. applied to it. 

In other words take (Fig. 7) a solenoid of diameter dand length 1 
with copper core and let a current J fiow through it. When 
this solenoid is placed in a uniform field of intensity H at an 
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angle 6 to the axis of the solenoid, it will have a torque 7 tending 
to place the solenoid parallel with H. It is now possible to 
replace the solenoid by a cylinder of diameter d and length / 
which will give the same torque, provided the permeability is such 
that the increase in the amount of flux passing through the core 
for a given amount of rotation of the core is the same as in the 
ease of the solenoid. In other words the torque or couple acting 
on the eylinder is 


d¢ 
dé 
Where ¢ is the flux passing inside of the cylinder and @ is the 


angle between the axis of the cylinder and the field intensity 
of the medium. 


T=K 


Fig. 8 


A further proof of this theory is afforded by the converging 
or diverging lines into and away from a substance of permeability 
higher or smaller than that of the ambient in which it is placed, 
when the ambient has a magnetic field of uniform strength. 
Thus in Fig. 8 is shown a cylinder of a material of unity perme- 
ability placed in air parallel with a field of force of uniform density 
H, it is seen that the density inside of the rod is the same as that 
outside, in other words the rod has not converged the field at 
all. 

In Fig. 9 is shown a cylinder of permeability » > 1 placed 
in a uniform field of density H. It is seen that inside of the rod 
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the density is higher than it would have been if the rod 
were not there, while outside the cylinder the density is smaller 
than it would have been if the cylinder were not there. It is 
immaterial whether we consider the increase of the flux inside 
of the cylinder as being constituted by the flux which is now 
missing outside of it or if we consider all the additional flux 
inside the cylinder as returning outside of the cylinder in the 
opposite direction to that of the main field and therefore cancel 
or neutralize as many lines outside of the cylinder as there have 
been increased inside of it. In fact it is possible to study the 
field distribution inside and outside of a cylinder of permeability 
u by replacing it by a solenoid through which is flowing a current 
which will give a field intensity of H, — H where H; is the den- 
sity in-the permeable cylinder after it has been placed in the 
uniform field of density H. By exploring the field of this sole- 
noid when placed in a medium of zero field density and unity 
permeability and superimposing this on the uniform field, we 
get the exact conditions as would exist when we place a cylinder 
of permeability » in the uniform field H. It is evident that if u 
of the permeable cylinder were — u we could obtain all the field 
distribution in the same manner but the superposition would 
have to be so that the flux inside of the solenoid were flowing 
in opposite direction to the field H. 


Fig. 9 


What Mr. McEachron found by long, tedious and costly 
work might have been found analytically and much more accu- 
rately, and all of it is given in the first edition of Steinmetz’s 
“Theory and Calculations of Electric Circuits,” in the chapter 
on Reactance of Induction Apparatus, p. p. 217-231 (in particu- 
lar at top of p. 229). 


J. E. Clem: In my discussion of this paper I wish first to 
arrive at a mutual understanding of what the various fluxes are 
that are found in a transformer. 

What is a leakage flux? The definition of the leakage flux 
should be a statement of the physical phenomenon. A leakage 
fiux is ordinarily defined as a flux which links one winding without 
linking the other. Two leakage fluxes are sometimes recognized; 
the first being that produced by the primary current which links 
the primary but not the secondary and called the primary leakage 
fiux; the second that produced by the secondary current which 
links the secondary but not the primary and called the secondary 
leakage flux. Actually, however, the idea of a secondary 
leakage flux is misleading and erroneous, there being only one 
leakage flux and that is the primary leakage flux. The leakage 
flux is the flux which links the primary winding but not the 
secondary winding. ; 

There is no resultant fiux inside a short-circuited coil except 
that required to supply the energy loss consumed in heat in the 
short-circuited coil. When the coil is on open circuit the current 
in the primary coil will cause a certain amount of flux to link the 
secondary coil, and if the coil is short-circuited a current will be 
set up and produce a counter flux. The counter flux set up by 
the current in the short-circuited secondary coil will be at all 
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times exactly equal and opposite to the flux coming from the 
primary current. Therefore the resultant flux inside the 
short-circuited secondary coil is zero. 

The question immediately arises as to how the current can 
be maintained in a short-circuited coil with no flux inside it. 
We have seen that the condition of zero flux is in reality the bal- 
ance of two fluxes. If the primary current should change there 
would be an excess of flux in one direction or the other which 
would induce a voltage and set up an additional current in the 
secondary coil. The current in the secondary coil will be main- 
tained as long as no change of flux takes place inside the sec- 
ondary coil. 


A B 
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Since there is no flux inside the secondary coil there can be no 
secondary leakage flux in the definition of the term as given 
above. Consequently all the leakage flux in a transformer 
must be primary leakage flux. 

What is the main flux? This is primarily a matter of defini- 
tion and the definition should be consistent and always lead to 
the same fiux. There are three common definitions; (a) the 
flux in the core underneath the secondary windings; (b) the flux 
in the core at a point not underneath the primary or secondary 
windings; (¢) the flux in the core required to maintain the sec- 
ondary terminal voltage. The first definition is wrong because 
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the’ flux in the core under the secondary winding is different 
depending upon whether the primary is inside or outside the 
secondary. The second is wrong for a reason which will be 
given later in this discussion. The main flux then is the flux 
required to maintain the terminal voltage of the secondary 
winding. 

The leakage and main fluxes as defined above are shown in 
diagram in Fig. 104 and 108. In Fig. 10B ¢p and ¢,’ ate the 
fluxes which would exist if the coil P was by itself and #, and ¢,’ 
are the fluxes corresponding for coil S. Of course in considering 
the coil alone the core must be assumed as taken|away. In 
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Fig. 10a is shown the resultant condition in which the leakage 
flux is ¢p linking the primary winding only. The flux ¢r is 
the flux required to supply the losses in the secondary coil and 
the flux ¢m is the flux required to maintain the terminal voltage 
of the secondary coil. It is clear that the leakage flux is the 
flux which links the primary but not the secondary and the main 
flux is the flux required to maintain the secondary terminal 
voltage. 

The core flux at any part of the core will be the resultant 
of the various fluxes occurring there. Prof. McKachron’s inves- 
tigation was made to obtain experimental data in respect to 
the flux existing under the primary and secondary coils and 
elsewhere in the core. He considered that the text book method 
of representing the leakage fluxes as indicated in Fig. 1 of his 
paper required the leakage fluxes to have a separate and inde- 
pendent existence because they were represented by closed lines, 
and that they would be found along the edge of the core under- 
neath the winding crowding the main flux to the middle of the 
core and further, that it should be possible to identify the 
separate fluxes because they were out of phase. Prof. 
MeFKachron’s tests showed very conclusively that there was no 
resultant leakage flux within the secondary coil and that the 
flux within the primary coil was the resultant of the main flux 
and the leakage flux. 


In Test b, impedance conditions, the secondary voltage corres- 
ponding to the flux inside the secondary coil is 6.14. volts. 
The voltage consumed in the resistance of the secondary coil is 
6.16 volts. All the flux in the secondary coil is that required to 
supply the energy consumed in the resistance of the secondary 
coil and there is no other resultant flux inside the secondary coil. 

Prof. MecEachron’s definition of the main flux as ‘‘the flux 
found in the core at a point not under either the primary or 
secondary windings’ naturally led him into a wrong interpreta- 
tion of the data obtained in test (b). According to his defi- 
nition of the main flux the tertiary voltage should be a measure 
of the main flux, and he uses this voltage to determine what 
he calls the primary and secondary reactance. That the results 
of these calculations should be wrong is the result of the wrong 
assumption. 


The tertiary voltage on the impedance test is a measure of 
the common reactance of the secondary and tertiary coil or it is 
a measure of the common induction of the primary and tertiary 
coils. If one wished to calculate the regulation one would use 
the difference between the primary applied voltage and the 
tertiary induced voltage, and if one wished to calculate the 
difference in voltage between the secondary and tertiary coils 
or the voltage induced in the tertiary coil one would use the 
tertiary induced voltage. The voltage induced in the tertiary 
coil depends upon the relative location of the tertiary coil in 
respect. to the primary and secondary and therefore cannot be 
relied upon to measure the main flux density. 


The variation of the voltage induced on the tertiary coil at 
different locations is clearly shown by the tests which Lhave made. 
The data are given in Table I, and were obtained from tests 
made on a transformer with the coils arranged as shown in Fig. 
11. These tests were made by connecting the generator in 
turn to coils P, S, and 7’, with one or both of the other two coils 
short-circuited and measuring the voltage induced on all the 
other open-circuited windings. The voltage measured on the 
open-circuited coils varies with the relative positions of the gener- 
ator, short-circuited, and open-cireuited coils. 

The voltage induced in any coil on the core during a straight 
impedance test can be predetermined if the values of the reac- 
tances between the various coils by pairs are known. The 
method of doing this is illustrated in Table II and the results 
of the calculation are tabulated in Table I. The voltage induced 
in a tertiary coil is equal to the secondary voltage plus the resist- 
ance drop of the secondary coil plus the common induced volt- 
age of the primary and tertiary. The test and calculated 
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TABLE I 
TABULATION OF TEST DATA AND CALCULATED VALUES 


Generator Induced 
Test ——_—_-— 
Am- Am- Am- . 
number} Volts | peres | Watts | peres | peres | Volts | Volts | Volts 
1-2 3-4 5-6 7-8 9-10 
1 392,-)| 60.5 | 213.0 59.8 211 177 196.7 
*210.2 |*181.4 |*195.9 
1-2} 7-8 5-6 3-4 9-10 
2 1027 60.5 | 18200 59.8 | 219 835 926 
*208.7 |*780 *880 
1-2 3-4 7-8 5-6 9-10 
3 365 60.5 2400 50.7 9.03) 70.5 182.4 
. #97 4 *#181.8 
3-4 1-2 5-6 7-8 9-10 
4 391.5 | 60.5 2160 59.8 174.5 | 206 196.7 
*181.3 |*210.1 |*196.0 
3-4 7-8 5-6 1-2 9-10 
5 1016 | 60.5 | 17350 59.4 | 180.4 | 845 928 
*181.9 |*778 *873 
3-4 1- 7-8 5-6 9-10 
6 361 60.5 2200 49.5 10.2 8.22 181.0 
*68 .0 *185.4 
7-8 _ 1-2 5-6 3-4 9-10 
vA 1036 | 60.5 | 18150 59.8 825 197 104.6 
*783 *210 *109.6 
7-8 3-4 5-6 1-2 9-10 
8 1027 | 60.5 | 17300 63.0 | 855 180 95.5 
*800 *186 *97.9 
7-8 1-2 3-4 5-6 9-10 
9 938 60:.5. | 17250 28.6 Sls. |, 746 8.0 
*700 *24 4 
W1-2 5-6 7-8 9-10 
10 403 60.3 2360 223 187 204.8 
*401.5 t *220 *191 *206.6 
Load on (3-4) 
101 60.0 208 
1-2 5-6 7-8 9-10 
11 990 60.5 | 11900 809 770 791 
*994 *813.7 |*785.6 |*785.5 
Load on (3-4) 
606 60.0 9290 
1-2 5-6 3-4 9-10 
12 1035 | 60.5 | 18200 228 778 942 
*1047 | *220.3 |*783 *893 
Load on (7-8) 
10.0} 59.8 , 204.0 
1-2 5-6 3-4 9-10 
13 1610 | 60.0 | 27400 805 1410 1503 
*1615 *876 *1357 |*1458 
Load on (7-8) 
595 59.1 | 9050 
Average between 1-2 
14 391.7 | 60.2 2145 and 3-4 
Average between 1-2 
15 1037 | 60.2 | 18200 and 7-8 
' Average between 3-4 
16 1006 | 60.2 | 17325 and 7-8 
Average between 7-8 
17 1021 | 60.2 | 17350 and 9-10 
7 Average between 1-2 
18 205.5 | 60.5 1675 and 9-10 


*NOTE—Calculated Values are Marked with * 
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TABLE 1—Continued 


Lettering of Coils Value of Resistance—Based on Watt- 


meter Readings 


"1-2 3-4 5-6 7-8 9-10 Rp= Rs = Rr =0.3 when used as 
Jee S A fs B secondary 
Rp = Ty = 4.72 when used as primary 

with other one as secondary 

Value of Reactance at Rs = Rr = 4.58 when used as primary 


60 Cycles with other one as secondary 


The difference in resistance whether 
used as secondary or primary is due to 
the difference in stray loss which must all 
be charged up against the primary winding. 


P-S P-T S-T P-B T-B 
T-A S-A P-A S-B A-B 
6,486 16.46 15.98 3.385 16.26 
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TABLE II 
Calculation of Voltages 


IN TRANSFORMERS 


Test No. 1 
P.F. = .0898 W.F. = .9959T = 53.4 —j 59.9 
Mprt.s = % (6.486 + 15.98 — 16.46) = 3.003 
Mpa.s = % (6.486 + 16.46 — 15.98) = 3.483 
Mpxs.s = % (6.486 + 3.385 — 3.385) = 3.243 
Er = (5.34 —j59.9) (.8 +j3.003) = 181.4 
Ex = (5.34 —759.9) (.8 +73.483) = 210.2 
Ep = (5.34 —j 59.9) (.3 +73.243) =195.9 
Test No. 2 
P.F, = .2948 W.F. = .956 I =17.73 —j 57.45 
Mps.t = 4% (16.46 + 15.98 — 6.486) = 12.98 
Mpa.t = % (16.46 + 6.486 — 15.98) = 3.483 
Mpz.t = % (16.46 + 16.25 — 3.385) = 14.66 
Es = (17.73 —j 57.45) (.8 +j12.98) = 780 
Ea = (17.73 —j 57.45) (.8 +73.483) = 209.7 
Ep = (17.75 —j 57.45) (.8 +j14.66) = 880 
Test No. 3 
P.F. = .1093 W.F. = .939 Is 5.54 —j 47.58 Ir = .99 
. 79.47 
Msa.p = % (6.486 + 15.98 — 16.46) = 3.003 
Mra.p = % (16.46 + 15.98 — 6.486) = 12.98 
Mszp.p = % (6.486 + 3.385 — 3.385) = 3.243 
Mrz.p = 1 (16.46 + 3.385 — 16.25) = 1.798 
Exe) S365) =(5 54 7/47.58)6-.8 HA 731003), = 1099 = 77°92 47) 
(4.72 +712.98) =97.4 
Pp = 365 — (5.54 —7 47058) G3) 73.243) — (.99' — 7.9.47) 
(4.72 + 71.798) = 181.8 
Test No. 10 
P.F. = .344 W.F. = .939 Is=20.7 —j 56.5 
Mpzt.s = 3.003 
Mpa.s = 3.483 
Mps.s = 3.243 
Er =10.05 + (20.7 —/ 56.5) (.3 +/3.003) = 191 
Ex =10.05 + (20.7 —j 56.5) (.3 +j3.483) = 220 
Ex = 10.05 + (20.7 —7 56.5) (.38 +73.243) = 206.6 
Ep =10.05 + (20.7 —j 56.5) (.6 +/6.486) = 401.5 
Test No. 11 
P.F. = .2544 W.F. .967 Is = 15.32 —j 58.25 
Mpt.s = 3.003 Mpa.s = 3.483 Mps.s = 3.243 
Er = 606 + (15.32 —j 58.25) (.38 +j3.003) = 785.6 
Ea = 606 + (15.32 — 758.25) (.8 +73.483) = 813.7 
Ex = 606 + (15.32 —j'58.25) (.8 +j3.243) = 785.5 
Ep = 606 + (15.32 —j 58.25) (.6 +7 6.486) = 994 


values agree very well and bear out the statement that the ter- 
tiary coil is not a direct measure of the main flux. 

Prof. McEachron could have found the quantities which he 
calls primary and secondary resistance and reactance much more 
easily by using an equation based on the analysis I have outlined. 
It should be remembered however that the quantities are not 
primary and secondary reactance. If we call the common 
induction of the primary and tertiary when the secondary is 
short-circuited M>: then the tertiary voltage will be 

E, =I (Rs +5 Mp) 
But FE; = 24; I = 4; and R, = 1.54, from which Mp; is easily 
found to be 5.8 ohms. Now Mz; plus Met must equal X,, 
and we get M,;as 8.85 ohms. The calculations in the paper for 
the voltage Em are correctly made although they give the total 
voltage induced in the tertiary coil and not the voltage induced 
by the main flux only. 
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Following is a brief summary of the main points in respect 
to the magnetic flux distribution in transformers. 

There is but one leakage flux and that is the flux which links 
the primary but not the secondary. 

There is no resultant flux inside a short-circuited coil except 
that required to supply the energy loss in the short-circuited 
coil. 

The main flux is the flux required to maintain the terminal 
voltage of the secondary winding. 

At any point in the core the various fluxes in the core do not 
have a distinctly separate and independent existence, but the 
flux at any point is the resultant of the different fluxes at that 
point. 

The voltage induced in the secondary coil is equal to the sec- 
ondary terminal voltage increased by the resistance drop in 
the secondary coil. 

The voltage induced in the primary coil is equal to the sec- 
ondary induced voltage increased by the voltage induced by 
the primary leakage flux. 

The voltage induced in any other coil on the core depends upon 
its relative position in respect to the primary and secondary 
coils. 

The practise of illustrating the various fluxes by closed lines 
is in general correct because the leakage and main fluxes can 
exist independently of each other. Whenever two or more 
fluxes occur at the same point the effective flux is their resultant. 

Philip L. Alger: This question of the distinctions between 
“main flux’ and “leakage’”’ is an ever recurring one in the study 
of electrical machinery. Especially in the consideration of the 
zigzag leakage or ‘“‘doubly linked” flux of induction motors are 
the distinctions difficult to keep in mind. In all eases one has 
the alternatives of either considering but one flux from which 
driblets keep leaking away as its path is traced further and 
further away fron the primary source of m. m. f.; or of consider- 
ing a ‘‘main”’ flux constant throughout the circuit, and various 
leakage fluxes which flow sometimes with and sometimes against 
the “‘main’’ flux. As an enemy is always defeated more easily 
in detail than en masse, the latter point of view has advantages 
for quantitative work, and I prefer it. 

While the two points of view, if carried out correctly, will 
always lead to the same result, the single flux theory is the more 
fundamental, and should always be resorted to in doubtful 
eases. Mr. McEachron has presented an interesting experi- 
mental proof of this fundamental nature of the single flux 
viewpoint. 

I believe, however, that by modifying his arrangements, Mr. 
McEachron could have experimentally proved the separate 
existence of the primary leakage flux (though not that of the 
secondary). For, if the primary leakage flux actually did try 
to hug the outer edges of the core as shown by, Fig. 1 of the 
author’s paper, the difference in phase between it and the main 
flux would cause a corresponding difference in the reluctance 
drops in the iron, and this difference between the m. m. f’s. in 
two adjacent parts of the core would divert the leakage fiux in a 
transverse direction until the m.m.f’s were equalized. In 
other words it is the low reluctance of the core in a direction at 
right angles to the flow of the main flux (in the section of Fig. 
1) that forees the primary leakage and main fluxes to mingle 
indistinguishably. The question is analogous to that of the 
distribution of high-frequency current in a slot embedded con- 
ductor. 

If, therefore, the holes for the research coils had been pierced 
at right angles to their chosen positions, in the same plane, so 
that the wires passed between instead of through the laminations, 
and if the outer search coils had been so placed as to inelude 
only a few of the outermost laminations, a different result would 
have been found from the experiments. For, in this case the 
relatively high transverse reluctance of the core, due to the spaces 
between laminations would have permitted the primary leakage 
flux to retain its identity more distinetly. 
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The 15 to 20 per cent excess of density at the middle of the 
core disclosed by the tests is very interesting. Such differences 
account for part of the inevitable excess of test core losses over 
those calculated from the laboratory data. I believe that this 
variation in density over the core section is due to the fact 
that the flux always takes a path which combines minimum length 
with minimum curvature in so far as these qualities are com- 
patible. If the proportions of the test transformers had been 
different, so that the corners had played a greater (or less) 
part in determining the flux distribution, I believe the variation 
of core density would have been correspondingly altered. 


P. Trombetta: [I still cannot see why it is necessary to 
make so many assumptions. It seems to me that if the relations 
are studied properly it is possible to determine all leakage 
fluxes and when they are known it soon becomes apparent 
what can and what cannot be neglected. It is perfectly possible 
to calculate or measure leakage fluxes of primary and secondary 
at different values of currents and when the two are coexisting 
in the same magnetic circuit it is only a question of combining 
all of them and the resultant gives the actual facts. 


Benj. F. Bailey: I think the fundamental trouble here 
perhaps is this. Most of the text books use in a great deal of 
their work the principle of superposition, yet they never take 
the trouble to explain that they are using that principle, or what 
it means. There are a great many effects that can be superim- 
posed upon one another and treated individually. In other 
words they don’t interfere with one another. I look, for ex- 
ample, at the blackboard and I see perfectly what is written 
there, yet there are innumerable light waves coming across the 
light waves which reach my eye, but there is not a particle of 
interference. That is superposition. It is hard to define 
what we mean by it, but that is simply an illustration of it. 
There are plenty of places where we can use superposition to 
advantage. But-there are other places where we cannot. 
One of these is when we come to superimpose magnetic fields. 
They do not superimpose perfectly because of the change in 
permeability. Most of the electrical books explain magnetic 
phenomena on the principle of superposition, but do not make 
it clear to the student that that is the principle upon which they 
are working, and also do not make it clear that it may lead to 
slightly erroneous results. For example in the case of the 
transformer, they are not taking into account the fact that 
magnetic effects are not perfectly superimposable. There are 
changes in permeability, and consequently the result you get 
is not quite right. 

I quite agree with what has been said about the sloppiness of 
some of our text books. J am a teacher myself, and I have to 
contend with it every day. It is certainly disconcerting to have 
to explain to students why the textbook is not right,—and it is 
not right in a very great many cases. 


I think sometimes we might get rid of a good many of the 
troubles of teaching if we came to the idea of teaching the stu- 
dent that there is no difference at all between a-c. and d-c. 
eurrent. In other words, Ohm’s Law always holds, or the cur- 
rent is the electromotive foree divided by the resistance. For 
example, consider a. simple reactive coil. There is an applied 
voltage on the coil and another voltage induced in the coil. 
If we take into account both of them and eall the sum the elec- 
tromotive force, then Ohm’s law is followed exactly. Now I 
don’t say that I want to teach that way. I am sometimes dis- 
couraged, because when I do try to get down to fundamentals 
and make the thing clear from the ground up, I find it is 
very difficult to do. 


K. B. McEachron: As stated by Mr. Trombetta, a theoretical 
treatment of the subject of leakage in a transformer may be 
found in ‘‘The Theory and Calculation of Electric Cireuits’’ by 
Dr. Steinmetz. ‘The present paper attempts only to show in an 
experimental way the fluxes which are actually found, and to 
point out how the assumptions frequently made concerning the 
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leakage fluxes may lead the student into an altogether wrong 
conception of the. true conditions. 

Mr. Clem in his discussion stated that the method used in 
determining the main flux does not give a correct measure of this 
flux. Strictly speaking, that is true, but for this test, it was 
desirable to obtain a separation of the so-called primary and 
secondary leakage fluxes. Tests have been made since this 
paper was written in which I have found, as Mr. Clem stated, 
several values depending on the location of the tertiary coil. 
The choice of location of the tertiary coil would not change the 
final result as outlined in the paper unless placed very close to 
either the primary or secondary windings. 

The possibility of finding the leakage flux in the outer lamina- 
tions as suggested by Mr. Alger introduces some interesting 
possibilities. Using the same test core, four belt coils of 40 
turns each were wound around equal sections of the core under 
the middle of coils 7 and 8 shown in Fig. 3 of the paper. To 
provide sufficient space between laminations for the 80 wires of 
two adjacent coils it was necessary to separate the laminations 
0.03 in. (0.79mm.). This separation was made only at the 
point where the coils passed through the core. This arrange- 
ment, of course, introduced considerable reluctance in a trans- 
verse direction which a core tightly clamped would not have, 
but does, to some degree, represent the condition in a core where 
ventilating ducts are used. 

The belt coils were numbered 9, 10, 11 and 12, 9 and 12 being 
on the outside. The procedure followed in making the tests 
was the same as that described in the paper. Coils 20 and 21 
were used as the primary, all tests being made with transformer 
coils 7 and 8 as the secondary. ‘The first test at no load showed 
a flux density of 4640 lines in the outer section under belt coil 
9, and 4810 in the inner section under coil 10. The oscillograms 
which were taken all show the same displacement of the belt coil 
currents with respect to the impressed voltage. This result 
means that the flux at no load is evenly distributed across the 
core under the secondary. 

With coils 7 and 8 short-circuited and 4 amperes flowing 
through the windings, a very different result is found. The 
results are given in the table, the nomenclature being the same 
as that used in the paper. 


Impedance Conditions 


Calculated Belt Coil Tests 
Degrees Belt coil Corrected* 
Voltage Bmax | displacement no. Bmax | angle 
E'p 2790 3.7 lead 9 900 151 lag 
Em 1190 7.5 lag 10 480 6 lag 
Is Xz 1100 169.3 lag 11 560 8 lag 
E’, 280 79.2 lag 12 790 152 lag 


*The corrected angles are measured on the oscillograms and diminished 
by the angle found under no load conditions. 


Combining the belt coil-fluxes, with their respective angles 
taken into account, gives an average density over the entire core 
of 260 lines per sq. em. with a lag angle of 115 deg. In magni- 
tude this corresponds closely to the value of flux required to 
induce sufficient voltage to overcome the J R drop in the secon- 
dary. The phase position does not check very closely. 

Considering the position of the belt coil fluxes, it is plain that 
considerable leakage flux is to be found in the outer laminations, 
but after all in this particular case such flux is less than 1/3 
of the total secondary so-called leakage flux. In the two middle 
belt coils a flux is found which corresponds to the so-called mutual 
or main flux in phase position but of less than 1/2 the calculated 
density. Since the main flux density is calculated on the entire 
area of the core, something less than 1/4 of the main flux is 
found. 

That some flux due to the secondary and primary turns should 
be found in the outer laminations is only to be expected when 
the reluctance of the path perpendicular to the plane of the 
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laminations is taken into account together with the high m.m.f. 
acting when the transformer is operating under load. In the 
case of a core with ventilating ducts high flux densities may be 
found under loaded coils which will tend to change the losses 
from those calculated assuming a uniform density across the 
entire core. 

Alfred Still: In order to avoid the confusion of ideas which 
is likely to arise when the various components of the total flux 
are represented as occupying the same portion of the iron core, 
the vector diagram for-a loaded: transformer may be drawn as 
in Fig. 1. 


Fie. 1 


Owing to magnetic leakage, the fiux will not be the same at all 
sections of the iron core, and it is not possible to represent cor- 
rectly the flux conditions in the transformer without abandoning 
the idea of each unit line or tube of induction being closed upon 
itself. In the sketch of the simple transformer shown in Fig. 1, 
the lines marked ®; represent the leakage flux while ®, and ©, 
stand for the fluxes which link with the primary and secondary 
windings respectively. The arrow-points indicate what will be 
considered the positive direction of these fluxes. It is then 
always true that the flux ®, is equal to the (vectorial) addition 
of the fluxes ®, and te or, 

= ® + s, 


Ries 2 


On the assumption that the magnetizing component of the 
current is negligible and that the winding ratio is 1 to 1, the 
vector diagram may be constructed as follows: 

Draw O E; and O I, to represent the (known) secondary ae 
minal voltage and current with the angle @ between them cor- 
responding to a load power factor of cos 6. The other vectors 
are drawn in the following order: 

E, E,’, parallel to O 7, and of the proper length to represent 
the ohmie drop of J; R, volts in the secondary windings. 

O E,’, the e.m.f. which must be induced in the secondary 
windings. 

O ,, drawn 90 deg. in advance of E,’, is the flux which links 
with the secondary windings. 
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O Ip, equal and opposite to J., is the primary current. 

O ®,, in phase with J, is the leakage flux. 

O ®,, the resultant obtained by the vectorial addition of ®, 
and 4%; is the flux which links with the primary windings. 

O E,’, drawn 90 deg. in advance of @y, is the component of the 
impressed primary e.m.f. necessary to balance the e.m. f. 
induced in the primary windings by the flux 4. 

E,’ Ep, parallel to J, and of the proper length to represent to 
ohmie drop of J, R, volts in the primary windings. 

O Ep, the voltage which must be impressed at primary ter- 
minals to produce the secondary load conditions which have been 
assumed. 

In Fig. 2, exactly the same procedure has been followed in 
drawing the vector diagram for a transformer with a capacity 
load. 

Waldo V. Lyon (by letter): The distribution of magnetic 
flux and its division into the so-called mutual and leakage 
components is so important a subject to the student of electrical 
engineering that it is well for the teacher to examine his ideas 
occasionally and see if there may not be some new point of view 
from which the explanation of the phenomena will be clearer 
and more in accord with physical realities. This paper and its 
discussion have been interesting, but some dogmatie statements 
have been made which were occasioned, I believe, by a too nar- 
row regard of the problem. Furthermore, some interesting 
points have not been mentioned. I am sure that all who have 
discussed the paper will agree that they did not attempt to 
state new facts, but merely used an unusual method of explaining 
well known phenomena. 

It is well to keep in mind that vector diagrams postulate 
currents and potentials which vary sinusoidally, a condition that 
is never exactly reached in a commercial power and lighting 
transformers. For example, there may be third harmonic 
component in the full-load primary current of 3 per cent., or in 
another arrangement, the terminal potential of the primary 
may contain a third harmonie which is 40 per cent of the funda- 
mental. These harmonics in current and potential are due 
wholly to the operating characteristics of the transformer. 
Many ealeulations are sufficiently accurate, however, if the 
presence of harmonies is entirely neglected and it is customary 
to neglect them. 

In analyzing electric machinery there is no more powerful 
method of attack than to resolve the quantities considered into 
components, and to calculate each component and its effect 
separately. It is, in fact, often much easier to picture the 
components than the actual physical condition they represent. 
The components, however, often have no other existence than in 
the imagination and I believe it is essential to keep this fact 
before the student constantly. From a physical standpoint, 
perhaps the most fundamental method of analyzing the operation 
of a transformer is that which equates the fall in potential across 
each winding to the sum of the resistance drop, the drop due to 
self inductance and that due to mutual inductance. Since 
induetanees vary with the condition of the magnetic cireuit, it 
is necessary to measure or to caleulate them for the same condi- 
tion that exists in the transformer while it is operating. Strictly 
speaking they are variable, being functions of the actual condi- 
tion of the magnetic cireuit. Although this method is funda- 
mentally correct it is not as convenient to apply as that eom- 
monly employed which uses leakage inductances. 

In eleetric machinery, when we can safely neglect all capaci- 
tance effects, there are but two sorts of electric potential that we 
need ordinarily consider, viz: one that is proportional to the 
current, the J R drop, and the other that is proportional to the 


rate of change of flux linkages, ates (No). The latter is 


ds 


' : d Saf ; 
sometimes carelessly written as NV a , which is, strietly speak- 
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ing, always incorrect except in those cases in which every tube 
of a component of flux links every turn. When these flux link- 
ages are due to the current in a transmission line, or in a react- 
ance coil, or when they are due to the so-called leakage flux in a 
transformer the electromotive force produced by their rate of 
change is most frequently called a reactance drop. Is it not 
probable that this term is an extension of the idea of resistance 
drop in direct-current circuits? In commercial electri¢ circuits 
the alternating currents are most frequently lagging ones and 
the effect of these flux linkages is to produce an actual fall in 
electric pressure just as resistance does in direct-current circuits. 
The one difference is that in the alternating-current case the 
subtraction is vectorial. If, however, the alternating current 
is a leading one the effect of these flux linkages may actually 
produce a rise in potential, and so it seems that in this-case the 
term drop loses some of its significance. The real physical 
fact is that a change in flux linkages produces an electromotive 
force in the circuit, the nature of which does not depend in the 
slightest upon what is the cause of the flux linkages, whether it 
be the current in the cireuit itself or that in some neighboring 
cireuit. .It hardly seems consistent always to refer to the elec- 
tromotive force that is due to the rate of change of certain flux 
linkages as a drop in potential and to that which is due to another 
portion of the flux linkages as a generated electromotive force, 
meaning arise in potential. Especially is this so since it is often 


difficult to distinguish between the two portions of the flux 


linkages. 


The important point that has been brought out in this paper 
is that the actual generated electromotive force in a transformer 
is the vector difference between the pressure at the terminals 
and the resistance drop. The difference is always taken so that 
the generated electromotive force is greater than the terminal 
pressure when the winding is delivering electric energy. This 
of course follows from the assumption that the only sources of 
potential are due to the rate of change of flux linkages and to the 
electric resistance of the circuit. For the sake of simplicity 
consider a transformer that has the same number of primary 
and secondary turns. When operating under load the mag- 
nitudes and relative phases of the primary and secondary ter- 
minal pressures and currents can be measured. The net gener- 
ated electromotive forees in each winding may then be caleu- 
lated by properly deducting the resistance drops. The vector 
difference between these generated electromotive forces is due 
to the difference between the primary and secondary flux link- 
ages and is thus the measure of the leakage in the transformer. 
The leakage fluxes may actually link either the primary or the 
secondary or the primary and the secondary, depending upon the 
arrangement of the windings, the power factor of the load, and 
the moment in the ecyele that is chosen. No statement short-of 
this is general. 

Leakage fluxes are those which exist at least partly outside 
of the magnetie core. The flux that is confined wholly to the 
core links every turn of both windings. The leakage fluxes on 
the other hand may link a portion of either or of both windings. 
The effect of the leakage flux in producing electromotive foree 
depends upon the number of turns with which it links so that 
the term leakage flux is less useful than leakage flux linkages. 


If the windings have the same number of turns the total leakage 


flux linkages are the difference between the primary and second- 
ary flux linkages. Since we are dealing with assumed sinu- 
soidal quantities this difference is taken in a vector sense. The 
calculation of the primary and secondary leakage flux linkages 
based on sound physical theory is a difficult problem, and as 
far as I am aware has never been done. 

The actual paths of the flux outside of the magnetic core 
change from moment to moment during the cycle since they 
depend upon the relative instantaneous strengths of the primary 
and secondary currents. It seems to have been assumed by 


Mr. MeEachron and some who discussed the paper that the 
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magnetic flux in the core is always in the same direction in which 
the primary would produce it, and therefore opposite to the 
flux which the secondary would of itself produce. This is 
always true during some portion of the cycle. It is only true 
during the entire cycle when the power factor of the load on the 
secondary is approximately equal to the power factor of the 
transformer at no load. It is true during the major portion of 
the eyele with highly inductive loads, but with a highly con- 
densive load the magnetization of the core is in the same direc- 
tion that the secondary would alone produce it during a major 


un 


Fig. 4 Pia. 5 


portion of the cycle. This is illustrated in the vector diagrams 
1,2and 3. It must be remembered that it is only by courtesy 
that the flux in the core and the net exciting current, /,, ean 
both be represented by vectors. Fig. 1 shows the condition 
with a highly inductive load on the secondary. Except during 
a brief portion of the cycle, determined by a, the magnetizing 
effects of the primary current, /;, and the net magnetizing cur- 
rent, Z,, are in the same direction and opposed to the secondary 
eurrent Thus during a major portion of the eyele the distribu- 
tion of flux may be represented as in Fig. 4. If the load is 
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condensive the primary and secondary currents may be equal as 
shown in Fig. 2. During a brief interval, determined by 4, 
the currents will magnetize the core in the same direction. 
During the remainder of the cycle the magnetization of the core 
will be in the direction in which the primary alone would produce 
it but one-half of the time. For an equal portion of the cyele 
the magnetization of the core will be in the direction in which the 
secondary would produce it. Figs. 5 and 6 show the condition 
at the moment that the primary and secondary currents are 
equal and in the same direction. If the windings are symmetric- 
ally situated with respect to each other and with respect to the 
core as indicated in Fig. 5, the flux linkages for the primary and 
secondary will be the same at the moment when the currents 
are equal and in the same direction. That is, at this moment 
there will be no leakage flux linkages. On the other hand, if the 
windings are arranged as indicated in Fig. 6, the winding nearer 
the core will probably have the greater flux linkages, whether it 
be primary or secondary. Fig. 7 shows the condition that will 
exist at the moment that the mutual flux linkages are passing 


through the zero. The primary and secondary currents are 
then essentially equal and opposite in their magnetizing effect. 
Both the primary and the secondary have actual leakage flux 
linkage as indicated. Fig. 38 shows the vector diagram for the 
transformer when supplying a highly condensive load. Except 
for the portion of the ¢yele determined by @ the magnetization 
of the core is in the direction in which the secondary alone would 
produce it. Thus during a major portion of the cyele the flux 
is distributed as indicated in Fig. 8. There is actual secondary 
leakage but no pirmary leakage. 

There is one other point of passing interest. It is that while 
the flux in the magnetic core is essentially a pulsating one, the 
flux within the body of the primary and secondary windings is 
a rotating one. For example, the magnetic fields at the point 
ain Fig. 5 due to the primary and secondary currents are not in 
the same direction since the point is not symmetrically located 
with respect to the windings. The currents are also displaced 
slightly in time phase. This condition of space and time phase 
displacement is all that is necessary to produce a rotating field. 
This field will of course be very decidedly elliptical. : 
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Review of the Subject.— Magnetic blow-outs have been usedin . 


contactors, circuit breakers and controllers for many years for 
rupturing both a-c. and d-c. power circuits, but their commercial 
use, particularly on alternating current has been largely confined to 
relatively low voltages. Oil circuit breakers and switches have been 
generally used for rupturing high-voltage a-c. power circutts, 
and their development has reached a high state of perfection. The 
air break has the advantage of avoiding the possibilities which 
attend the use of any inflammable material—like oil, with its 
possible gasification and explosion on heavy short circutts. 

While there are many different types of magnetic blow-outs 
this paper deals largely with the “‘individual” type, in which a 
blow-out coil is connected in series with each pair of current- 
rupturing contacts, since it is with this type that most of the progress 
and studies have been made in recent years. 

Contactors and circuit breakers with the “individual” type 
of blow-out are now used almost exclusively in the main d-c. power 
circuits of the 1600 and 8000-volt d-c. railway systems. Oil 
circuit breakers have-been tried for this service, but they are 
rather unsatisfactory because there is no periodic zero point in 
the current wave at which the oil can form an insulating seal between 
contacts. The oil under d-c. arc conditions carbonizes rapidly 
and involves the possible danger from explosive gases. 


Recently the use of magnetic blow-out contactors on a-c. cir- 
cuits has been extended to moderately high voltage and capacity. 
Short-circuit tests on a 6600-volt, 26,700-kv-a. alternator are 
described towards the end of the paper. During these three-phase 
tests the air-break magnetic blow-out contactors successfully rup- 
tured 17,500 amperes, the full short-circuit current, at 5500 
volts. This is 170,000 kv-a., three-phase. The maximum asym- 
metrical peak current through the contacts during this test was 
67,500 amperes, but during a 2500-volt short-circuit test this peak 
current reached 80,000 amperes. Oscillograph records of the voltage 
and current in each phase are shown and also illustrations of the 
arcs. 

The contactors used were rated at 5000 volis, 3000 amperes, 
but they successfully ruptured a circuit of 9000 volts, 3500 amperes. 
The oscillographic records and illustrations of this test are shown 
in Figs. 25 and 26. Current-rupturing tests at 2300 amperes and 


3500 amperes normal voltage are also shown for comparison in 
Figs. 22 to 24. In all of the tests the circuit was ruptured within 
the first half cycle after the tips started to part, indicating the 
effectiveness of this type of blow-out. 


The arrangement of the current-carrying and magnetic blow-out 
parts are shown in Fig. 15. The main current is carried through 
solid copper contacts mounted at the back. The auzxiliary con- 
tacts in the arc chute and the blow-out coils carry current only 
during the time the circuit is being ruptured. These coils with 
their attending arcing horns are cut into the circuit in succession, 
so as to obtain the strongest possible final magnetic field without 
undue arcing at the contact tips and across the terminals of the 
coils when they are introduced into the circuit. Several arc sup- 
pressor plates are provided in each half of the arc chute which 
increases the cooling surface, and on heavy short circuits split 
the arc into a number of multiple paths. See Fig. 10. 


A brief description is given in the first part of the paper of a 
typical form of the “individual” type magnetic blow-out as used 
in contactors and circuit breakers, and photographs of a number 
of contactors for various a-c. and d-c. voliages are reproduced. 
Attention is directed to the tests with accompanying illustrations 
of successive positions of the arc in the chute taken with a high- 
speed camera, from which some interesting data were obtained on 
are characteristics. The arc was photographed in its movement 
every three-thousands of a second. The time between pictures in 
the familiar motion picture camera is sixty-iwo-thousandths of a 
second. These tests bring out the effectiveness, in rupturing the 
circuit of the arc suppressor plates and narrow are chutes. 
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THEORY OF THE MAGNETIC BLOW-OUT 


T is a well-known fact that when a conductor of 
length / carries a current of 7 amperes in a mag- 
netic field of density of B maxwells per square 

centimeter, the force F in kg. per centimeter length tend- 
ing to move the conductor across the field is 


F = 10.2Bil10-* kg. 
In the same way, when an are forms between switch 
contacts which open in a magnetic field, the resulting 
are stream will be subjected to the above force and will 
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move across the field and lengthen until the voltage 
between the contacts is no longer able to maintain a 
current flow and the circuit is ruptured. It is the func- 
tion of the magnetic blow-out, which is essentially an 
electromagnet, to set up the magnetic field over the 
area within which it is desired to rupture the circuit. 
To be most effective the direction of the lines of force 
in the field should be perpendicular to the axis of the 
are stream. 

The direction of movement of the are stream is the 
same as for a conductor moving in a magnetic field, 
and may be readily determined by Fleming’s rules or 
by the right-hand screw rule. In common with flexible 
conductors, the are stream always moves, and in addi- 
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tion lengthens, so as to include the maximum number of 
ines of force. The blow-out coil must, therefore, be 


© @ Flux from blov-out coil 
© B Flux from are stream 


Fig. 1—600 Voitt ArMatTuRE Typrk Rattbway CoNntTACcTOR 


Part of arc chute is removed and placed to one side more clearly to 
illustrate the magnetic blow-out. When current flows in blow-out coil as 
indicated by arrow the flux through the core in the blow-outcoil is awayfrom 
reader as indicated by a cross in a circle. This flux returns through arc 
chute area towards reader as indicated by a dot in a circle. When the 
contact tips open the arc stream (1) forms and the flux encircling this are 
stream strengthens the blow-out flux at the back as indicated by a dotina 
circle and a dot in a rectangle and weakens it in front as indicated by a dot 
in a circle and acrossin arectangle. As the arc stream always moves from 
the strong towards the weak field, it will move from ‘position 1 through 
positions 2 and 3, ete., until the circuit is ruptured. 


wound: in such a direction that its flux strengthens the 
flux encircling the are stream in the rear of the moving 
arc stream and consequently weakens it in the front. 


‘i 
jz wide are chute 


Fia. 2 

Sixteen successive photographs of arc streams taken with a high-speed 
camera having twenty-four lenses arranged on four slanting rows of six 
each. In this figure the are was ruptured 0.06 sec. after the last exposure. 
The lenses were uncovered in succession by a single focal plane shutter 
which moved across the plate at such a speed as to expose each point of the 
arc chute approximately 0.0016 sec. The time between pictures is approxi- 
mately 0.00328 sec. The successive pictures bring out in particular the 
changes in the are stream during a time interval of 0.00328 sec. The 
delineations on the original films were sufficiently distinct so that the 
length of arc in each picture could be measured. This length, together 
with the arc stream current and the time after the contactor tips parted, 
are indicated for each picture. The inside dimensions of the blow-out coil 
which can be seen in Figs. 4 and 5 were approximately 10 in. by 21 in. Only 
the inside area of this blow-out coil was effective in lengthening the are as 
the flux is in the wrong direction on the outside of the coil. The maximum 
length of the arc within the blow-out coil was approximately 35 in. 

The circuit was high in inductance. There were five d-c. motor fields in 
series. Width of chute 13/8in., current about 100 amperes, voltage 650 
d-c. This figure is to be compared to Fig. 3 in which the are chute was 
3/8 in. wide. 


Fig. 1 shows a typical 600-volt railway contactor hav- 
ing the “‘individual’’ type of blow-out, which illustrates 
the above points. One side of the are chute is removed 
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to show more clearly the general arrangement of parts. 
Arrows indicate an assumed direction of current flow 
through the current-carrying parts and the direction of 
the resultant lines of force are indicatd by the conven- 
tional signs. It will be noted that the direction of the 
flux in the iron core of the blow-out coil is away from the 


Crreurl ruptured tn 0.057 S€e. 


Fig. 3 


Sixteen successive photographs of the are stream taken with a high-speed 
camera (see details of camera in caption of Fig. 2). Conditions: Same asin 
Fig. 2 except that the width of are chute is now 3/8 in. whereas in Fig. 2 
it was 1 3/8 in. 


reader. This flux, after being distributed by the iron 
pole pieces returns through the are chute area, streng- 
thening the flux encircling the are stream at the back 
and weakening it in front causing the are to be moved 
successively through positions 1, 2, 3 until the circuit 
is ruptured. If the direction of current is reversed 
through the contactor, the direction of all lines of 
force will also be reversed, so that the blow-out flux 


{ cirweg oo 


} repturedy \ 


0.052 


Fia. 4 


Sixteen successive photographs of the arc stream, taken with a high- 


speed camera (see details of the camera in the caption of Fig. 2). Condi- 
tions: The current now is 500 amperes where it was only 100 amperes in 
Fig.2. Theare chute widthis13/8in. This figure is to be compared with 
Fig. 2 for the effect of variation in current,and with Fig. 5, of the same value 
of current of 500 amperes, for the effect of the decrease in are chute width. 


will still strengthen the field back of the are stream, 
causing the are to be moved through positions 1, 2, 3 as 
before. The are chute sides which are made of are- 
resisting insulation, help to cool the are and maintain 
the axis of the are stream perpendicular to the blow- 
out flux. 


264 TRITLE: 


ARC CHARACTERISTICS 


Some very interesting studies of are stream charac- 
teristics were made some time ago by Mr. F. O. 
MeMillan under the writer’s general direction. Figs. 
2, 3, 4 and 5 show representative illustrations taken by 
a high-speed camera invented by Mr. Chester Lichten- 
berg. This camera has 24 lenses arranged in four 


Fie. 5 


‘Ten successive photographs of the arc stream taken with a high-speed 


camera (see details of the camera in the caption of Fig. 2). Conditions: 
Same as Fig. 4 except that the arc chute width is now only 3/8 in. where it 
was 1 3/S8in. in the case of Fig. 4. The current is again 500 amperes. 
To compare the effects of currents at 500 amperes and 100 amperes refer 
to Fig. 3, which has the same width of are chute as Fig. 5. 


slanting rows of six each. The lenses are all served by 
a single focal plane shutter which first uncovers the lens 
in the lower right hand corner then the next lens to 
the left across the bottom row, and so on through the 
other rows, each row starting at the right. The speed 
of the shutter was adjusted so that the time interval 
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Fig. 6—Arc.CHARACTERISTICS 


The data for these six curves were obtained from oscillographic records 
taken in connection with the current-rupturing~test recorded in Fig. 5. 
The width of arc chute was 3/8 in. and the flux density approximately 2.5 
lines per square inch per ampere. 

Curve A—dArc current vs. time in fraction of a sec. 

Curve B—Arc potential vs. time in fraction of a sec. 

Curve C—Arc power vs. time in fraction of a sec. 

Curve D—Arc resistance vs. time in fraction of a sec. 

Curve E—Arc length vs. time in fraction of a sec. 

Curve F—Magnetic force on are vs. time in fraction of a sec. 


between each picture was 0.00328 second, and each 
point of the are stream was: exposed approximately 
0.0016 second. In order to photograph the arc, one 
of the are chute sides was made of glass, and special 
blow-out coils were wound giving an approximately 
uniform flux within the area in which it was desired 
to rupture the circuit. Oscillographie records were 
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taken of the current and voltage of the circuit, simul- 
taneously with the high-speed photographs. Fig. 6, 
gives curves plotted from these records, which show 
the complete arc characteristics when rupturing a 
500-ampere, 650-volt inductive circuit in an are chute 
3 in wide under the influence of a magnetic blow-out 
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Fig. 7—Four Curves or Time vs. CURRENT OF ARCS IN 
Figs. 2, 3, 4 anp 5, RESPECTIVELY 


Curve A corresponds to are stream in Fig. 2, B to Fig..3 C to Fig. 4 and 
D to Fig. 5. The width of arc chute for curves A and C was 1 3/8 in. and 
for Band D3/8in. These curves are intended to illustrate the effective- 
ness of both narrow slots and suppressor plates in the arc chutes. See 
Fig. 10. 


giving a flux density of approximately 2.5 lines per 
square inch per ampere. 

The illustrations in Figs. 2, 3, 4 and 5 bring out in 
particular the changes in the are stream during a time 
interval of 0.00328 second, when rupturing an inductive 
circuit at currents ranging from 100 to 500 amperes at 
650 volts. A summary of the corresponding time 
characteristics of the are are plotted in Fig. 7. 
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Fig. 8—Four Curves or Leneru vs. RESISTANCE oF ARCS 
In Figs. 2, 3, 4 anp 5, RESPECTIVELY 


Curve A corresponds to are stream in Fig. 2, B to Fig. 3, C to Fig. 4 
and D to Fig. 5. ‘The width of are chute for curves A and C was 1 3/8 in. 
and for B and D 3/8 in. 


THE NARROW ARC CHUTE 


Attention is directed to a comparison of Curves A 
and B and of C and D of Fig. 7. The conditions under 
which the two sets were taken were the same, except 
the width of the are chute for curves A and C was 13% 
in. and for B and D, % in. The narrow are chute 
is a recent development and has contributed very mate- 
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rially towards the successful rupturing of high-capacity 
a-c. and d-c. power circuits. 
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Fic. 9—Four Curves or Time ys. LenetH or Arcs IN 
Figs. 2, 3, 4 anp 5, Respecrive.y 


Curve A corresponds to arc stream in Fig. 2, B to Fig. 3, @ to Fig. 4 and 
D to Fig.5. The width of arc chute for curves A and C wa 13/8in. and 
for B and D 3/8 in. 


The effect of the narrow arc chute is usually obtained 
by adding one or more are suppressor plates to the 
standard are chute. This gives a number of multiple 


price Pole f ieces 


Standard Arc Chute Sides 


©) a (OM®) Arc Suppressor Plate 


Narrow Arc Chutes 


Sereemer Stream in successive positions shown diagram- 
matically by successive circles in arc chute 


state 


Fie. 10—Sxetcu or THE Narrow Arc CHUTE 


paths or slots for the are. See Fig. 10. Each slot 
is in the plane of movement of the switch contacts 
and the exit is materially narrower than the width 


Arcing 
horns 


Fig. 11—600-Vott, 425-AmprrE D-C. Piuncer Tyrps 
Ratitway ConTACTOR 
Part of arc chute removed and placed to one side more clearly to show 
contact tips and arcing horns. 


of the switch contacts and the space within which 
the arc is formed. These slots reduce the cross section 
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of the are stream and serve to increase the resistance 
for a given length. The are suppressor plates provide 
additional cooling surface to the arc, and maintain 
the axis of the are stream perpendicular to the blow- 
out flux. In wide are chutes, the are stream has a 
tendency to wander from one side of the chute to the 


Fig. 12—38000-Voxut, 215 Ampern D-C. Contactor 


Two units are used in series for 3000 volts. 
show parts. 


One are chute removed to 


other so that at times its axis is nearly parallel to the 
blow-out flux. 

It will be noted in both tests where the narrow 
are chute was used, the circuit was ruptured in approxi- 
mately one-half the time of the tests where the wider 
arc chute was used. This approximate ratio has been 
found to hold for much higher currents and voltages. 
The reduction in cross section and quicker opening 


Fig. 13—Hieu-Speep Crrcuir BREAKER 


is plainly evident from a comparison of the time and 
current printed under each arc stream in Figs. 2 and 3. 
The narrow chute is particularly effective in connection 
with high-speed direct-current circuit breakers where 
it is desirable to rupture the circuit in a few thousandths 
of a second. 

Fig. 8 shows the relation between arc resistance and 
are length for both the wide. and narrow are chutes, 
and Fig. 9 shows the rapidity with which the are 
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lengthened under the influence of the magnetic blow- 
out in both widths of the chutes. 
In making the above tests on are chracteristics, it 


| Closing 
| solenoid: 


Fie. 14—3500-Vout, 3500-Ampprn A-C. Contractor (CLOSED) 


Contactor may be closed either manually, by means of the cam shaft, 
or electromagnetically by means of the solenoid. 


was not possible to rupture very large amounts of power 
on account of the danger of breaking the glass arc- 
chute side used for taking the photographs. Current 
rupturing tests have been made, however, with mag- 
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CONTACTS A-B-C FULLY OPEN 


Fig. 15—5000-Vour, 3000-Amprere A-C. Contactor (OPEN) 


This contactor was developed primarily for controlling the main motor 


circuits of the new 180,000-horse power Battle Cruisers for the U. S. Govern- 
ment. Very exhaustive tests were made before and after the final designs 
were completed. The results amply met expectations as to the suitability 
of this type of contactor, not only for ship propulsion, but also for power 
station service. 


netic blow-out air-break contactors up to 6000 volts 
d-c. and 9000 volts a-c. and the indications are that 
still higher voltages can easily be ruptured successfully. 
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TyPiIcAL A-C. AND D-C. CONTACTORS 

Figs. 11, 12, 18, 14 and 15 show some typical forms 
of a-c. and d-c. contactors and circuit breakers for va- 
rious voltages on which tests and data are presented 
in this paper. 

FLUX DENSITY IN ARC CHUTES 

Fig. 16 shows the average flux density curves in the 

are chute of typical 600-volt and 3000-volt contactors 


00 =400 600 800 1000 1200 1400 1600 
CURRENT IN BLOWOUT COIL- AMPERES 


Fig. 16—Arc Cuute Ftux Density vs. CurrENT IN BLow-ourT 
Corn 


Curve A—For 600-volt, 425-ampere contactor. 
Curve B—For 3000-volt, 215-ampere contactor. 
Curve C—For 3000-volt high-speed circuit breaker. 


and also of a 3000-volt high-speed circuit breaker. 
It will be noted that a much higher flux density is 
used for the 3000-volt contactors and circuit breaker 
than for the 600-volt contactor. Many tests and experi- 
ments have been made to determine the correct flux 
density for each type; but the inductance, particularly 
of railway circuits is so variable that it is difficult to 


AMPERES 


TIME 


Fie. 17—THEeoretIcaAL CuRRENT-RvuPTURING TEST 


Curve showing current decrement to give best average results when 
opening a circuit. Angle 6 should be approximately equal to angle @ 
so that the inductive voltage when opening the circuit will not exceed the 
line voltage. 


select a flux density to best suit all conditions. In 
general, a flux density in the are chute which will 
cause the current to be reduced at a rate approximately 
equal to the initial rate of rise when normal voltage is 
applied to the circuit, appears to give about the best 
average result. See Fig. 17, If the flux density in 
a particular design is too high, the voltage across the 
are increases beyond the breakdown point of the insu- 
lation of the arc chute sides and the are reestablishes a 
number of times as clearly shown by Fig. 18. Curve A 
of this figure shows the rupture of a 600-volt, 1500- 
ampere inductive circuit by a magnetic blow-out in 
which the average flux density in the are chute at 
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1500 amperes was approximately 600 lines per sq. in., 
and Curve C approximately the same current and volt- 
age under the influence of a blow-out of approximately 
1500 lines per sq. in. Due to the reestablishments it 


Fie. 18—OscittoGrapHic Recorps or CuRRENT-RUPTURING 
TEsts 


Illustrating the effect of high and low flux densities in the arc chute. 
Two motor fields were used in series for reactance. 

The flux density in the are chute of the contactor used when rupturing 
the current shown by Curve C was too high for this particular design, being 
approximately three times that of the contactor when rupturing the current 
shown by Curve A. The current and voltage fluctuations of the arc are 
very marked on Curves C and D while there are practically no sudden 
fluctuations of current and voltage where the low flux density was used as 
shown by the two upper curves A and B. 


required more than twice the time to rupture the cir- 
cuit with the blow-out giving the stronger magnetic 
field. The shape of the arcing horns and the size of 
the are chute have a material bearing, however, and 
by properly proportioning these parts, relatively high 
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Fig. 19—Four Curves or Time vs. Current ILLUSTRATING 
600-Voir D-C. Current-Ruprurine Tests 


Curve A—Test with five motor fields in series for reactance using con- 
tactor shown in Fig. 11. 

Curve B—Test with four motor fields in parallel for reactance using 
contactor shown in Fig. 11. 

Curve C—Test with no external reactance. 
Fig. 11. 

Curve D—High-speed circuit breaker. 
ance. 


Contactor used shown in 


Practically no external react- 


densities may be used when it is desirable to rupture 
the circuit very quickly, as in the high-speed circuit 
breaker. The principle limitation is then the maxi- 
mum inductive kick the other apparatus in the circuit 
will stand. 
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CURRENT RUPTURING TESTS AT 600 VoLTs D-C. 


Curves A, B and C of Fig. 19 plotted from oscillo- 
graph records, show typical current-rupturing tests on a 
600-volt, 425-ampere d-c. railway contactor. Curve 
A is for a circuit having five motor fields in series for 
reactance, Curve B with four motor fields in parallel 
and Curve C is for a circuit of practically no external 
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Fie. 20—Turee Curves or TIME vs. Current ILLUSTRATING 
3000-V ott D-C. Current-Ruprurine TEsts 
Curve A—For contactors shown in Fig. 12. 
Curves B and C—For high-speed circuit breaker. 
external reactance used during tests. 


See Fig. 13. No 


inductance. The same contactor was used for all 
three tests and the strength of blow-out is shown by 
Curve A, Fig. 16. Curve D is for a 600-volt, 5000-am- 
pere, d-c. high-speed circuit breaker having a blow-out 
of approximately the same strength as shown by 
Curve C of Fig. 16. It will be noted that the current 
of Curve D, Fig. 19 was reduced at a very fast rate, 
averaging approximately 3,500,000 amperes per second. 


CURRENT RUPTURING TESTS AT 3000 VoLTs D-C. 

Fig. 20 shows typical current-rupturing tests at 3000 
volts, d-c. Curve A is representative of the perform- 
ance of the contactor shown in Fig. 12and the strength 
of the magnetic blow-out is shown by Curve B of Fig.16. 
Curves B and C are representative of a 1500-ampere, 
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Fig. 21—T'wo Curves or Time vs. CurreENT ILLUSTRATING 
6000-Voir D-C. Current-Ruprurine Txsts 


Curve A—Test with 11 railway motors in series for reactance. 
Curve B—Test without external reactance. 


3000-volt, high-speed circuit breaker of the type shown 
in Fig. 18. The average flux density in the are chute 
in the neighborhood of the contact tips of a typical 
high-speed circuit breaker is shown by Curve C of 
Fig. 16. 


CURRENT RUPTURING TESTS AT 6000 VoLTs D-C. 
Curves A and B of Fig. 21 are plotted from oscillo- 
graph records of current-rupturing tests on a 6000-volt 
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250-ampere, d-c. contactor. In the test represented 
by Curve B practically no external inductance was used 
in the circuit while in the tests represented by Curve A 
the fields of 11 railway motors were used in series in 
the circuit. 


RECORDS OF A 
AMPERE, THREE-PHASE, 25-CycLeE Current-Rurpturine Test 


Fig. 22—OscILLOGRAPHIC 5000-Voutr 3500- 


One contactor as shown in Fig. 15 was connected in each phase. 
voltage initial 5700 volts, under load 5000 volts. First cycle after opening 
5280 volts. Line current 3630 amperes effective. External resistance 
0.683 ohm per phase, External reactance 0.197 ohm per phase. 

Three separate oscillograms operating in synchronism were used for this 
test, each oscillogram having records of three vibrators. The vibrators 
in the upper oscillogram are numbered 1, 2 and 3, in the middle oscillogram 
4, 5 and 6, and in the lower oscillogram 7, 8 and 9. Vibrator No. 2 shows 
the current in line 1 and vibrator No. 3 shows the voltage across the ter- 
minals of the contactor in this line. Vibrator No. 5 shows the current in 
line 2 and vibrators No. 6 and No. 9 show the voltage across the terminals 
of the contactor. Vibrator. No. 6 records the same voltage as vibrator 
No. 9, except on an enlarged scale. Vibrator No. 8 records the current in 
line 3 and vibrator No. 7 the voltage across the terminals of the contactor 
in this line. 

The voltage between lines 1 and 3 is recorded by vibrator No. 1. 
Vibrator No. 4 gives a record of the mechanical movement of the contact 
tips, from which the exact instant the arcing tips parted was determined. 
This point is recorded on the zero line in each oscillogram by the letter T. 
The circuit was closed by a separate three-phase switch. The current 
continued for about 4% cycles before the arcing tips of the contactor started 
to part. As soon as the tips parted the voltage across the arc begins to rise. 
Within one-half cycle after the tips part the line current is reduced to zero 
and does not reestablish, and the voltage across the contact tips starts to 
adjust towards normal Y voltage. For schematic diagram of connections 
see Fig. 22 A. 


Line 


CURRENT RUPTURING TESTS AT 5000 VoLTs A-C. 

Recently the possibility of using magnetic blow-out 
contactors for rupturing high power a-c. circuits has 
been recognized and the design and construction 
has already been completed on contactors rated up to 
5000 volts. Fig. 14 shows a typical 3500-volt, 3500- 
ampere contactor and Fig. 15 a 5000-volt, 3000-ampere 
contactor, both of which are equipped with a magnetic 
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blow-out of rather novel construction. One side of 
the are chute was removed in both contactors to more 
clearly show the construction. The 3500-volt con- 
tactor is shown in the closed position and the 5000-volt 
one in the open position. It should be noted that the 
main current is carried through heavy copper contacts, 


Vib. 3 Vib. 2 


ors 
Alternator Reactors Switch thr 
closing circuit under test 


all 


Contactors Resistors 


Fic. 22A—Scuematic DiAGRAM OF CONNECTIONS FOR 
ALTERNATING CurRENT Ruprurine TESTS 


Vibrator 1—Voltage between lines 1 and 3. 

Vibrator 2—Current in line 1. 

Vibrator 3—Voltage across terminals of contactor in line 1 (arc voltage). 

Vibrator 4—Records the position and speed of movement of the contacts 
of the three contactors under test. 

Vibrator 5—Current in line 2. 

Vibrator 6—Same voltage as vibrator 9 except enlarged deflections. 

Vibrator 7—Voltage across terminals of contactor in line 3. 

Vibrator 8—Current in line 3. 

Vibrator 9—Voltage across terminals of contactor in line 2. 

See Figs. 22 to 28, inclusive. 


marked A in Fig. 15, which are located at the back of 
the contactor. There are no loops in the path of the 
main current-carrying parts which might tend to cause 
overheating on alternating current or to blow the con- 
tacts apart on heavy short circuits. The contacts 
B and C, located in the are chute, carry practically 
no current during normal operation and consequently 
may be made light and inexpensive. 


Fic. 23—SHowine THE LuMINOUS VAPORS OF THE ARC 


WHEN Ruprurine 5000-Votts, 3500-AmpErRzs, A-C. 
The vapors of the three phases blend in one impression on the photographic 
plate. 


When the contactor, Fig. 15 is closed, all three sets 
of contacts marked A, B and C are in contact. As 
the contactor opens the tips A first part, transferring 
the main current to contacts B located in the are chute. 
Further movement towards the open position starts 
contacts B open, transferring the current to contacts C 
and cutting the small blow-out coil at the back of the 
are chute into the circuit, as indicated by the arrows. 
The’ front tips C part next and the are stream marked 
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Fic. 24—SHowina THE Luminous Vapors OF THE THREE 
Separate ARCS WHEN RuptTurRING 5000-Vouts, 2300-Ampmres, 
A-C. s 
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Fie. 25—OsciLLoGRAMS OF A THREE-PHASE TEST aT 25 CycLEs 
OF OvER-VOLTAGE BUT NORMAL CURRENT RATING 


One contactor as shown in Fig. 15 was connected in each phase. Line 
voltage, initial 9700 volts, under load 7400 volts. First cycle after opening 
8700 volts. Line current 3350 amperes effective. External resistance 
1.08 ohms per phase. External reactance 0.197 ohm per phase. 

The story of the oscillographic records is as follows: There are three 
separate oscillograms. Each oscillogram has records of three vibrators. 
Each of the oscillograms has a record of the normal load current and the 
voltage across the arc of the corresponding phase. In the upper oscillo- 
gram the load current is given for line 1 by vibrator 2 and the voltage across 
the arc by vibrator 3. On open circuit this is Y voltage. In the middle 
oscillogram the relations are the same for the load current and voltage 
across the arc of line 2. In the lower oscillogram the current of line 3 is 
given by vibrator 8 and the corresponding voltage across the arc is given by 
vibrator 7. In this oscillogram, vibrator 9 repeats the voltage across the 
arc of line 2 which is given in the oscillogram just above by vibrator 6 with 
a magnified scale. 

Vibrator 1 of the upper oscillogram gives the voltage from line 1 to line 
3 and vibrator 4 in the middle oscillogram gives a record of contacts which 
record the movement of several mechanical parts. 

Starting with the record of normal line-to-line voltage at the point marked 
A in the upper oscillogram, the load current in lines 1 and 2 starts at the 
point marked B (shown by a sudden drop in the voltage) and the current in 
line 3 starts at the point marked C which causes a sudden drop again in the 
voltage and a corresponding change in the load current of line 1 at D. 
Since the neutral of the generator was not grounded, it required the closure 
of two contacts to start the load current and therefore there are only two 
disturbances in the main voltage wave. The current in line 1, vibrator 2, 
continues 234 cycles before the arcing tips part. Vibrator 3 shows the 
beginning of the voltage across the arc at this point. Since the current 
is extinguished in one-half cycle of arc, as shown by the cessation of wave 
in vibrator 2 at E, the voltage immediately thereafter starts in its adjust- 
ment to the normal condition of Y voltage from line to ground, This same 

explanation applies to the other two oscillograms of the other phases. 
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a oF Venta arm ha, r 
Fig. 26 —EXTEN1 OF THE VAPORS FROM THE ARC BryonpD THE 
* r © « 
Arc CHUTE WHEN Ruprurtna 9000-Voxits, 3500-Amprres, A-C. 
The photographic plate was exposed during the whole time the gases 
were being expelled and the vapors from all three phases are superposed. 
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Fig. 27—5000-Votr SHort-Circuit Trst on 26,700 Kvy-a. 


ALTERNATOR 


One contactor as shown in Fig. 15 connected in each phase. Initial 
open circuit voltage 5700 volts. First cycle after opening, 3980 volts. 
Average line current, at the instant the contactors opened 16,600 amperes 
effective. 

The same arrangement of oscillographs and vibrators was used in this 
test as described in the caption under Figs. 22 and 22A. This test differs 
from the normal load test recorded in Fig. 22 in that the external resistance 
and reactance were removed from the circuit resulting in a dead short 
circuit on the alternator. 

Referring to the record of line voltage in the upper oscillogram, there is 
a sudden momentary reduction in voltage at the point marked B which is 
due to two of the contacts of the three-phase circuit closing switch making 
contact ahead of the third, applying a single-phaseshort circuit through lines 
1 and 2 for about 0.008 sec. At the point marked C on the line voltage and 
current waves line 3 was closed establishing the full three-phase short 
circuit. The short-circuit current was on the contactors for slightly more 
than three cycles before the arcing tips parted. The instant at which the 
arcing tips parted is indicated by the letter 7 on all three oscillograms. 
The circuit was completely ruptured within one-half cycle after the tips 
parted as evidenced by the cessation of current at the point marked £. 
All the voltage waves are slightly ragged during the time the circuit is 
being ruptured, that is between points T and £. ‘ 

The current in line 1 reached the maximum possible asymmetrical value 
as the first cycle was displaced entirely on one side of the zero line. The 
maximum peak value of current in this line was 67,700 amperes. The 
maximum peak current in line 2 was 48,000 amperes and in line 3, 56,000 
amperes. The average effective current in the three lines at the instant 
the tips parted was about 16,600 amperes. ’ 
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1 in Fig. 15 forms between the tips. This are stream 
is now under the influence of the rear blow-out coil and 
begins to move rapidly towards the front of the chute. 
When in position 2, the arc stream touches the lower 
arcing horn D introducing the lower blow-out coil in 
the circuit. Further movement into position 3 intro- 
duces the upper arcing horn D and the upper blow-out 
coil into the circuit. All three blow-out coils are now 
in series and the are moves rapidly around the arcing 
horns D through positions 4, 5, and 6 until the arc is 
stretched out to a sufficient length to rupture the 
circuit. It will be observed that the are chute is 
divided into two parts with the slot between the two 
halves giving an air gap to more effectively isolate the 
upper and lower contact tips when the contactor is 


Fig. 28—SHOWING THE EXTENT oF THE LUMINOUS VAPORS 
Bryonp THE ARC CHUTE WHEN RupruRING SHORT-CIRCUIT 
CurRRENTS OF Fia. 27 


As in Figs. 23 and 25, the arcs from the three phases blend in one impres- 
sion on the photographic plate, 


open. With this arrangement, it is possible to design 
for a much higher voltage than would otherwise be 
possible, as most insulations which will stand the high 
temperature arc streams are usually relatively poor in- 
sulators. 


Fig. 22 shows the current and voltage phenomena 
in all three phases, while rupturing 3500 amperes at 
5000 volts, 25 cycles, with the 5000-volt, 3000-ampere, 
a-c. contactors, shown in Fig. 15. Fig. 28 shows the 
distance the arc is visible beyond the are chute. Fig. 
24 shows the distance the arc is visible beyond the edge 
of chutes when rupturing 5000 volts, 2300 amperes 
under the same conditions. The ares from all three 
contactors can be distinguished in the 2300-ampere 
test, but in the 3500-ampere tests the luminous vapors 
from the three phases blend in one impression on the 
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photographic plate. The plates were exposed during 
the whole time the circuits were being ruptured so that 
the photographs are of value only as showing the maxi- 
mum distance the luminous vapors were forced beyond 
the arc chutes by the magnetic blow-out. If the pho- 
tographs had been taken with a very high-speed multi- 
film camera the results would have been more like 
those of Fig. 3. 

Fig. 25 shows records of the same contactors, which 
are rated at 5000 volts, 3000 amperes, rupturing 
approximately 9000 volts, 3500 amperes, and Fig. 26 
shows the extent of the are. The circuit was ruptured 
very satisfactorily in this test and there was no evi- 
dence that the ultimate rupturing capacity of the con-. 
tactors had yet been reached. 

A dead short circuit on a 26,700-kv-a., 25-cycle 
alternator, which was. very successfully ruptured by 
the above contactors is shown in Fig. 27. The dis- 
tance the luminous vapors were forced beyond the arc 
chute is shown by Fig. 28. Attention is directed 
to the fact that the maximum asymmetrical peak cur- 
rent carried by the main contacts during this test was 
approximately 67,500 amperes and that the r.m.s, 
current (a-c. and d-c. components) at the instant the 
contactor tips started to part was 17,400 amperes for 
phase 1, 14,650 amperes for phase 2, and 17,800 amperes 
for phase 8. The current in each phase was completely 
ruptured within a 14 cycle after the arcing tips started 
to part. The fact that the current did not reestablish 
in the second half cycle after the tips parted indicates 
the effectiveness of this type of magnetic blow-out. 


CONCLUSIONS 


While the tests and data presented in this paper 
are on a-c. and d-c. current-rupturing apparatus of 
only moderately high-voltage rating, the fundamental 
principles described for the magnetic blow-outs are 
applicable to much higher voltages. The tests and 
experience indicate that we have not yet approached 
the limit of the alternating voltage or current which 
may be successfully ruptured repeatedly in the air. In 
fact we anticipate that within a reasonable period of 
time the principal of the air-break magnetic blow-out 
will be extended to cover applications in a-c. power 
circuits of the higher voltages. There is no question 
of the ability of the magnetic blow-out to meet the 
future requirements of high voltage d-c. power circuits. 


Discussion 
For discussion of this paper see page 282. 


The Effect of High Currents on Disconnecting Switches 
With Special Reference to the Mechanical Stresses Resulting 
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Review of.the Subject.—In the early days of the electrical 
industry, disconnecting switches adequately performed their functions 
without the use of locking devices, except perhaps in a few isolated 
cases, where the blades opened downward, and some mechanism was 
provided to hold the blade in against the action of gravity (when sub- 
jected to jars, vibration, etc.). The generating capacity of central 
stations at this time was relatively small. Hence, the short-circuit 
currents obtaining were relatively low, and the forces resulting were 
insufficient to overcome the friction and other resistance offered by 
the blade and to cause opening. With the increase in generating 
capacity came a formidable increase in the short-circuit currents, 
to such an extent that it was no! uncommon for a disconnecting 
switch to open, causing considerable damage, with consequent 
demoralization of operation. The result was that there were attempts 
made to attach locks to switches already installed, and to design 
new switches of which the lock was an integral part. Many of 
these locks were found to be inadequate, as opening occurred in 
many instances. In an attempt to prevent the possible recurrence 
of such unfortunate incidents the tests described in the following 
paper were planned; it was hoped thereby to improve the class of 
service rendered the public and safe-guard the lives of our employees. 

Specifically, it was desired in addition to a general study of the 
subject, to attempt to improve the locks already in use on our system 
and to provide locks for the switches located at dangerous points, 
4. @., points where short-circuit currents are likely to obtain which 
might open a given switch. One or more of the various types of 
switches in-use on our system were tested, and in addition, a number 
of types which were considered for replacement of the obsolescent 
types now in use. 

As a result of these tests it was possible by a very simple expedi- 
ent to raise the opening point of one of our switches from about 40,000 
peak amperes to 180,000 peak amperes. A very simple lock was 
added to another switch largely used on the system which opened 


which obtain under short-circuit conditions on 

large power systems are often sufficient to cause 
disconnecting switches to open, rupture current trans- 
formers, severely injure oil switches, etc.; and the 
resulting damage to station apparatus is often 
very great, and human life is ofttimes endangered; 
furthermore, short circuits which should cause only 
voltage disturbance, or at worst, partial loss of load, 
may result in the total loss of load for an extended 
period. The following report will cover a number of 
tests made on disconnecting switches with the object 
of studying the effects of high currents on this class of 
apparatus. The principal points observed were: 


1. The lowest value of current at which a switch 
blows open. 


2. Time required for the switch to open; that is, 
duration of the short circuit. 


l \HE forces exerted by the abnormally high currents 
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at about 51,000 peak amperes so that it would withstand the mechani- 
cal forces exerted by 143,000 peak amperes. 

The tests clearly demonstrated that some effective form of lock 
should be provided. This seems to have been generally recognized, 
and most manufacturers have attempted to take care of this in some 
way or other. Switches have been. constructed (without locks) 
in which the current through the switch parts does not tend to open 
the blade. Such switches are satisfactory when used under almost 
ideal conditions, but certain unfavorable arrangements of the bus 
and leads usually found in practise, exert magnetic forces which 
might open the blade under short-circuit conditions, thus completely 
nullifying the principle of design. Although locking devices are 
provided they are not always effective, the various reasons being 
mechanical weakness of lock, current flow through lock, etc. It 
was noted from a study of the oscillograms that a switch seldom 
required more than one cycle to open, one-half cycle usually being 
required. 


It was generally recognized that there were outward forces on 
the blade of a switch due to the passage of high currents; but it was 
not generally recognized that there were also outward forces on the 
jaws and insulators tending to spread them apart. These forces 
must be recognized and dealt with by substantial design as a number 
of lock failures may be attributed to this. Insulators may fail 
due to these outward forces, and this can be remedied only by 
strengthening or properly supporting the insulators. 
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3. Cause of the failure of lock, if such is provided 
on switch, and remedy for the same. 

As a result of the mutual interest in such tests, the 
Pennsylvania Water and Power Company, and the 
Consolidated Gas Electric Light and Power Company, 
both of Baltimore, agreed to perform this work together, 
thus considerably diminishing the cost of an individual 
test by either company. Each company furnished 
at least one of each of its various disconnecting 
switches, and several manufacturers submitted their 
switches for test, together with several special switches. 
Many of the better-known makes of switches were 
tested, and in addition a number of more or less obsolete 
types. 

METHOD OF TESTS 

Difficulty would ordinarily be encountered in obtain- 
ing currents up to 100,000 or 150,000 peak amperes 
necessary for the testing of these disconnecting switches. 
Fortunately, the Baltimore Electro Alloys Company 
was able to spare one of its electric furnace transformers, 
which normally operates at about 40,000 effective 
secondary amperes. Three of these transformers 
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operate in a bank on one furnace, and all three were 
actually available if necessary; however, one trans- 
former was found to be ample for our tests. 

These transformers are wound for 13,200 volts on 
the primary, the voltages on the secondary varying 
from about 138 to 169 (the secondary voltage is varied 
by changing taps on the primary). The 158- and 


Fic. 1—Bus Structure 


169-volt taps were used on these tests generally.. To 
carry the heavy currents, and to minimize the secondary 
resistance, standard 8-in. by 3%-in. cold-rolled copper 
bus was used. Taps were taken from the secondary 
of the transformer and run horizontally, as shown in 
Fig. 1, and then vertically downward. Taps were then 


taken off of the two vertical busses to the reproduced 


test bus described below. 


In order to simulate existing conditions, a bus struc- 
ture similar in dimensions to those in actual use in our 
stations was erected as shown in Fig. 1. The top and 
bottom phases only of the main and auxiliary bus were 
erected, as these represent the two extreme conditions. 
The switches were placed as shown, and tested in this 
position. 

In some of the higher-current tests a loop was used 
(described later) which required the two bus leads from 
the transformer being run side by side separated by a 
34-in. asbestos spacer. These two busses with their 
spacer were held together by heavy clamps spaced 
from 12 inches to 17 inches apart along the length of the 
parallel busses. On one of the tests in which the 
switch opened in one-half cycle at 141,000 peak 
amperes, the 34-in. by 8-in. copper bus actually buckled 
out away from the asbestos spacer about 34 in. in the 
17-in. braced section. The calculated maximum force 
between the axes of the busses in the 17-in. section was 
about 21,200 Ib., applied in .01 second (14 cycle). 


The power for the short circuits was supplied by a 
generator at our Westport steam station of either 7500 
kw. or 20,000 kw. capacity as desired, and was con- 
nected to the electric furnace transformer by means of 
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a No. 0000, 18,000-volt, three-phase cable, involving 
a run of about 30,000 ft. 

On some of the tests the power source was the Holt- 
wood generating station about 40 miles away. While 
one machine was used at Westport, it was necessary to 
use two 10,000-kw. machines at Holtwood to furnish 
the higher short-circuit currents; the transformers at 
each end connected by one transmission line completed 
the arrangement. The fields of the two machines were 
arranged to be opened simultaneously. 

A third arrangement was used for very low currents 
on several occasions. A frequency changer running 
inverted was tied in from one of the city substations, 
by means of some of the city cables, and this machine 
was used to supply current. 

Telephonic communication was provided between the 
test floor, the Highlandtown substation and Holtwood 
(or Westport), and this communication was maintained 
throughout the test. 

In the first few tests the short circuits were made by 
closing in all switches and then closing the field breaker 
of the generator, and ammeters were used for measuring 
the current. It was first thought that this scheme 
might be used in making the tests, thus obviating the 
use of the oscillograph, and considerably simplifying 
the tests. However, it was found that the switches 
heated very rapidly, and would weld together before the 
current had riseri to a value that would have opened: 
them. The large majority of the tests were suddenly 
applied by closing the high-tension oil switch (Fig. 
2), and the oscillograph was used to record the current 
through the disconnecting switch under test. A second 
element of the oscillograph was used to record the 
potential across the switch, and thereby indicate the 
exact instant of opening. 

OSCILLOGRAPH APPLICATION 

As stated above the oscillograph was used to obtain 

a record of the current and voltage across the switch 


= 220V.D.C, 


Fig. 2—OscittoaraPpH SET uP FOR DISCONNECTING SwitcH 


Trsts 


under test. The oscillograph used was the General 
Electric instrument. 

In order to measure currents of the magnitude of 
100,000 to 150,000 peak amperes a 10,000/5 Westing- 
house through type current transformer was used. 
On some of the later tests a shunt was used which is 
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believed to be more accurate than the current trans- 
former in recording transients. Recent tests have 
shown that current transformers are subject to error 
in recording transients, the actual current being greater 
than that indicated by them. 

Fig. 2 shows the scheme of connections for the oscillo- 
graph. It was desired to have the apparatus so 
arranged that the operation of the trigger on the oscillo- 
graph performed all the necessary functions after the 
circuit had been set up for test. The sequence of 
events should be as follows: 

1. Shutter of oscillograph opens exactly at begin- 
ning of film. 

2. Oil switch closes, applying the short circuit 
several cycles later. 

3. After about one revolution of film, short circuit 
is cleared. 


The third item was not automatic on all of these tests, 
for it was felt that the repeated clearing of a number of 
heavy short circuits by an oil switch was undesirable, 
and so it was decided to clear the short circuit by open- 
ing the field of the generator. This was done at the 
generating station by the operator as soon as he observed 
that the short circuit was on. 


The method of obtaining the required sequence is 
shown in Fig. 2. Instead of operating the oscillograph 
shutter from a six-volt battery, 220 volts d-c. was used 
and an auxiliary relay placed in series with it (the 
shutter). This relay had its contacts connected to the 
“close” leads of No. 3 feeder oil switch.!| When the 
trigger of the oscillograph was pulled, the moving 
contact dropped down into the thread of the hard 


1. In primary of electric furnace transformers used on these 
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tests. 


Make | Rating |Vig. No.| Lock Test Current Equivalent 
(Amps.) Peak Amps. Peak Amps. 
a A 300 3 No 34,100 34,100 
b & 300 7 Yes 40,500 40,500 
€ be 300 8 Yes 84,100 84,100 
d ‘s 600 os No 75,000 75,000 
ide be 600 ue Yes 56,700 56,700 
e 2 300 11 Yes 125,000 170,000 
e’ +f 300 > Yes 133,900 178,000 
f L 300 13 Yes 105,300 127,000 
g ‘B 300 15 Yes 66,800 66,800 
h * 300 16 Yes 53,900 53,900 
i - 300 17 No 39,000 39,000 
j 300 re No 51,200 51,200 
rid 5 300 18 Yes 116,000 143,000 
k = 600 19 Yes 84,500 84,500 
l a 300 20 Yes 34,000 34,000 
m s 1200 21 Yes 142,000 208,000 
m/’ bs 600 ot 90,700 90,700 
m” - 1200 22 TAO 93,000 93,000 
n Cc 600 No 52,200 52,200 
n? # 600 . 23 Yes 144,000 181,000 
oO a 300 25 Yes 129,000 152,000 
p D 300 No 28,200 28,200 
p" ~ 300 26 Yes 41,600 41,600 
q “| 300 29 Yes 90,900 113,000 
r E 300 30 - Yes 141,000 169,000 
s ip 300 31 Yes 74,500 120,000 
t Leilich 600 32 Yes 68,000 68,000 
t’ Special 800 33 Yes 81,500 81,500 
u G 300 34 Yes 124,100 151,000 
Vv Ly 600 . Yes 145,000 - 193,000 


} 
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rubber worm and, at the instant the film overlap was 
opposite the slot, made contact with the metallic 
thread. This opened the shutter and closed the auxili- 
ary relay which closed the oil switch, throwing on the 
short circuit. This arrangement caused the initial 
rush of current to take place near the beginning of the 
film. The operator at the generating station would 
then open the field of the machine causing the current 
to die out. 

The oscillograph was at first calibrated before and 
after each series of tests, but this was found to be 
unnecessary as there was practically no difference in 
the two calibrations. Alternating-current was used 
almost exclusively in making the calibrations, 
principally on account of its convenience. 


PROCEDURE IN TEST 


After a switch was in place for test the contacts were 
given a final examination, as was the alignment of the 
blade and jaws. The pull in pounds necessary to open 
the switch was then measured at the eye of the switch 
by means of a spring balance, and this pull adjusted to 
what was thought to be a normal value, by bending the 
jaws if necessary. This necessitated further inspection 
of the jaws for good contact. After the test was made 
the pull required to open the switch (in case it did not 
open) was again measured. 

When it was desired to make a test on a switch one 
of the above mentioned circuits was set up with No. 3 
feeder oil switch open. When everything was in 
readiness the operators were notified that the switch 
would be closed in one-half minute. The oscillograph 
was given the final adjustments, and at the expiration 
of the 30 seconds it was operated. The oil switch was 
opened manually after the film had made one revolution 


SUMMARY OF TESTS 


Did Half- 
Switch Pull Oycles Remarks 
Open? in lb. | to open 

Yes 17 1 

Yes 17 1 

Yes 16 1 With make D lock & ins’l. 
Yes 28 2 

Yes 12 1 Note pull is less than d 
Yes 16 13 Notched blade 

Yes 20 1 Pinned blade 

Yes 22 1 Latest type 

Yes 13 i Type O 

Yes 13 1 Selector type O 

Yes 20 3 Type M 

Yes 20 1 Plain Ins'l. 

No 20 on Plain Ins'l. 

No 35 Type P. Not completely tested 
Yes 12 13 Type P 35 Kv. 

No 40 es ‘ 

F 20 by Did not open under cond. for which 
designed 

No 24 

Yes 19 5 Lock taken off 

No 22 ; 

No- 19 

Yes 18 i! Selector tvpe 

Yes 9 29 

Yes 17 6 Tnsulators broke 

Yes 22 1 

Yes 27 3 

No 12 Test not complete 

Yes 90 

Yes 22 9 

No 50 
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as by this time the operator had opened the field breaker 
and the current had died down toa low value. At least 
one other oil switch was then opened together with the 
disconnecting switches at the primary of the furnace 
transformer before anyone was permitted to examine 
the switch tested. The film was developed and the 
magnitude of the current ascertained. 
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In case the switch did not open another test was 
usually made at a higher current, but not before care- 
fully dressing and polishing the burned parts. 


RESULTS OF TESTS 


The accompanying tabulated summary of tests 
shows both the test current and the equivalent current. 
This item ‘‘equivalent current” is intended to take care 
of the added force produced by the rear bus when a 
switch was tested in the loop (to which reference was 
previously made). It is the current which would 
produce the same force met with in test if there should 
be no rear bus present. If the switch was not tested 
in the loop, the test current and the equivalent cur- 
rent were the same. The basis of this calculation is 
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the formula proposed by Mr. H. B. Dwight in the June 
1920 JOURNAL of the A. I. E. E. As calculated, the 
effect of the side busses is ignored, and the rear bus 
only is considered. 

This tabulation may be used to compare the various 
switches tested; and in addition a brief discussion of 
some of the more interesting points of the tests will be 
given. 
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It has been previously recognized that there are 
outward forces on the blade of a disconnecting switch, 
when subjected to high currents, that tend to open the 
blade. These forces are shown as Ff, F,, Fig. 3. How- 
ever, in addition to these forces there are other forces 
tending to separate the jaws and insulators, as shown 
at F, F.. When the connections are run to the switch 
as shown by the dotted lines, there is repulsion between 
these conductors as shown in F;F3. In a description 
of some of the tests in the appendix, it will be shown that 
many designers of locks have completely ignored the 
forces F, F, and F;F;. These horizontal forces tend 
to open some types of locks, and to break off the insu- 
lators. For this reason locks should be either on the 
outside of the loop, or some means should be taken to 
prevent the insulators from spreading. 

It was observed on many tests in which the blade 
opened, that the break jaws spread apart (see Fig. 4). 
As the two sections of this jaw carry current in the 
same direction, one would expect them to be drawn 
together, which occurred only in one or two cases. 
The only explanation that has been advanced is that 
the explosive action of the metal vapor or of a small 
quantity of oil that might be present, forces these 
sections apart. 

In the 48 cases in which the blades of the switches 
were blown open, 21 cases were within the first half- 
cycle, 9 cases required one cycle, and 14 cases required 
more than one cycle for opening. The conclusion 
might be drawn that a switch will ordinarily open 
within the first cycle, and possibly within the first 
half cycle. It is evident from this that it is not the 
average force exerted by the current which opens the 
switch, but the maximum force resulting from the peak 
value of current, and it is this peak-value which should 
be used in all short-circuit calculations pertaining to 
the forces acting on disconnecting switches. Further- 
more, it is the imitial peak which will more than likely 
cause opening. And it should be remembered that 
this initial peak may have a displacement of twice the 
symmetrical value usually used in short-circuit calcula- 
tions. 

It was found that the major portion of the locks 
tested were incorrectly designed. In fact, one manu- 
facturer asserted that electrical expulsion forces only 
tend to hold this lock more firmly in its place. And as 
a matter of fact examination of the switch and lock 
would lead one to believe that such was the case. Yet 
this particular lock proved to be rather inferior, and 
blew open at relatively low currents. (Make F). 

One of the causes of the failure of a number of effec- 
tive looking locks is due to the fact that designers have 
failed to take into consideration the fact that in addi- 
tion to the outward forces on the blade, there are 
outward forces on each insulator, which are ofttimes 
just as effective in causing the lock to open as the out- 
ward forces are in causing the blade to open. (Makes 
F, D, B type P). 
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Another cause of at least two types of locks failing 
is the fact that the lock itself carries current, and 
repulsion by other current carrying portions cause the 
lock to open. (Make B Type C, D Selector type). 

Still another cause is due to inherent mechanical 
ineffectiveness of the lock. By this is meant that the 
lock simply does not hold even when a simple 
mechanical pull is exerted on it. In this class would 
come the two types of Make D, and Make B type P 
locks. 

And there is the switch that has a lock that is not 
mechanically strong enough to resist the forces. This 
includes the Make B lock on the type O selector switch, 
the Make A lock, and the Make E lock. 

The fact that a lock may carry some of the current 
may cause it to fail thermally. The failure of the 
Make A lock might be attributed to this cause, as 
might be the failure of the Make B type O selector 
switch lock. As a matter of fact it may have been a 
combination of mechanical and thermal effect which 
caused these locks to fail. 


It is desired to call attention to the fact that there 
is a tendency toward building a switch with the cur- 
rent-carrying portion too light, which is typified in a 
number of the switches which failed to stand up under 
test. 

Generally speaking, it is believed that the double 
blade disconnecting switch (such as Make C) is superior 
to the single blade switch, particularly where the 
design is such that it permits the blades to clamp the 
jaws due to the parallel high currents flowing in the 
same direction. Furthermore there is more radiating 
surface per unit cross section of the blade on this type 
of switch. It also permits the switch to be so con- 
structed that the contact pressure is readily adjustable. 

It may be stated here that while bringing the return 
circuit behind the switch materially adds to the force 
action on the blade and hence renders it more liable to 
open, this is preferable to running it alongside of the 
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blade which is still more likely to open the switch. 
With the return conductor alongside of the blade, a 
side blow is delivered for which the switch was not 
designed. This is shown in Fig. 5 where the return 
conductor was run alongside the blade, and the switch 
was badly injured. 

It is merely repetition to state in this report that 
switches should not be placed in loops if it is possible 
to avoid them; but this is usually determined by the 
original design of the station, and concerns generally 
station designers rather than operating engineers. 

These tests show that the Make C switches are 
generally speaking superior to the other switches 
tested. This applies to mechanical construction and 
performance on the tests. Several years ago some 
difficulty was experienced in these insulators failing on 
high potential test, but data at hand shows that this 
defect has been largely remedied. 

It might be mentioned here that the split hinge jaw 
is thought to be undesirable, as it may open instead of 
the lock. This is described fully in the appendix. 


Appendix 


This appendix is intended to give briefly detailed 
information concerning all of the important switches 
tested. Many switches are included here which may be 
more or less obsolescent; these switches are included 
for one of two reasons; first, some point is brought out 
that is thought to be of general interest; second, these 
switches are in more or less general use, and the informa- 
tion may be of value to the users. 

It is desired to call attention to the fact that these 
tests were not made primarily to compare the most 
recent designs of disconnecting switches of the various 
makes, but to obtain data on switches in actual use on 
our system. 

Over two hundred tests were made, covering in all 
about thirty types of switches. The manufacturer 
will in each case be designated by a letter as A, B, C, 
D, E, F and G. It will be noted that peak values of 
current only are used. 

(a) Make A 300-Ampere Switch Without Lock, Fig. 3. 

A single blade is provided with a hinge jaw split in 
three parts, and the break jaw in two parts. The 
insulators are mounted on the base by means of a clamp 
and U-bolts, and the two jaws are mounted by a 
similar arrangement. It is believed that this scheme 
is rather inferior as it permits considerable motion of the 
insulator. 

About 28 tests were made on this switch. The first 
scheme was to start at a low generator voltage, say 
4000, and gradually work upward in steps of 500 or 
1000 volts, making three tests at each voltage. But 
this method was soon found to be unreliable as after 
a few tests the blade and break jaw would become 
burned and pitted so that welding would take place, 
and the switch would not open at all. The method then 
adopted was to examine the switch to be tested, and 
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estimate the current that it would withstand and test 
at that current value; then, after an examination of 
the switch after test, a next higher (or lower) current 
would be decided upon, and so on until the switch 


opened. The pull at the eye of the switch was adjusted 
before each test to be about 15 to 17 pounds, cor- 
responding to 16.5 to 18.5 pounds at the break jaw. 

This switch opened on the first three tests at 48,100, 
36,000 and 34,100 peak amperes in 44, 1 and 1% cycles 
respectively. The latter figure, 34,100, is the lowest 
value at which the switch opened. 

Fig. 6 (Oscillogram 17) shows the switch opening 
in one-half cycle at 34,100 peak amperes. The me- 
chanical force at the break jaw required to open the 
switch on tests No. 17 was 18.5 pounds. The current 
required to exert this force is 38,400 amperes, calculated 
from the Dwight formula. The switch actually opened 
at a current 11.2 per cent lower than this (34,100 
amperes). 

It would be expected that the actual current required 
would be greater than 38,400 amperes, as the attraction 
of the two sections of the switch jaws (at the break jaw 
in particular) should exert a pressure on the blade, thus 
increasing the pull at the break jaw above 18.5 pounds. 
The two sections of each of the jaws carry current in 
the same direction, and hence attract each other. 

It was noted that in most cases when the switch 
blew open the break jaws spread apart. That is best 
shown in Fig. 4, another type of switch being shown. 


Fig. 7 


This may be due to the explosive action of the metal 
vapor as the switch opens, or to the presence of a small 
quantity of oil in the jaw, or to both. 

On several subsequent tests the switch failed to open 
at somewhat higher currents, but this was found to be 
due to welding. This is shown rather conclusively in 
tests No. 39 and No. 40, where the burned break jaw 
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of previous tests was replaced by a new one, The 
switch opened in these two tests at 39,200 peak am- 
peres and 35,900 peak amperes, while on a number of 
previous tests currents up to 46,500 peak amperes 
failed to open the switch with the burned jaw in place. 
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(b) Make A 300-Ampere Switch with Make E Lock 
Attached. 


This switch is identical with the previous switch 
except that a lock has been added as shown in Fig. 7. 
The lock is of more or less familiar design, and will not 
be described further than to say that the latch fits into 
a notch filed into the jaw of the switch. 


Both the hinge and break jaws of the switch are 
slotted as shown in Fig. 7; and while this probably 
gives better contact, the switch is materially weakened, 
especially at the hinge jaw. For when a hole is drilled 
through the middle section to receive the hinge bolt 
there is little metal left to resist the outward forces. 
As a matter of fact, on one of our tests on this switch 
(described later) the switch blew open at the hinge jaw 
rather than the break jaw due to this weakened con- 
dition. 

Five tests were made on this switch, which opened 
at 40,500 peak amperes. From an examination of the 
lock it would appear that such an arrangement would 
hold against the action of almost any reasonable 
current, or at least up to the point where the dogs of 
the latch would shear off. But it should be remem- 
bered that in addition to the outward component of 
force tending to open the blade there is an outward 


Fig. 9 


component tending to spread the break and hinge jaws 
and pull the latch out of engagement with the notch. 
This was confirmed by a number of tests in which mark- 
ings were made on the blade of the switch before test 
and noting the position after test. Movements of 
3/16 in. were frequently noted. Welding of the blade 
and jaw often took place, and a blow would bring the 
blade and jaw back into normal contact. 
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(c) Make A 300-Ampere Switch with Make D Lock and 
Insulators. 

The weakness in the above switch with lock was found 
to be in the insulators, and it was believed that if 
more rigid insulators were used the lock would be more 
effective. Hence the arrangement shown in Fig. 8 
was made up similar to the above mentioned switch 
except that more rigid insulators were used. This 
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arrangement opened at 84,100 peak amperes, or more 
than double the value with the original insulators 
(40,500). Fig. 9 (Oscillogram 124) shows the switch 
opening in one-half cycle. Fig. 10 shows the burning at 
the break jaw and blade. The jaws in this particular 
case actually drew together and welded, which is ex- 
actly opposite to the action that usually exists, as shown 
by Fig. 4. 

(d) Make A 600-Ampere Switch. 

This switch is similar in construction to the 300- 
ampere switch, with the exception of the current- 
carrying parts which are correspondingly heavier. 

Tests were made with and without lock, as in the 
300-ampere switch. Without lock, the opening occur- 
red at 75,000 peak amperes, with a pull at the break 
jaw of 28 pounds. 
pull was reduced to 11.5 pounds to make the lock itself 
withstand the force action, as far as possible. Under 
these conditions the switch opened at 56,700 peak 
amperes. 


Fig. 11 


(e) Make A 300-Ampere Switch with Special Locks. 

In an effort to find a simple and effective lock for 
this switch, a number of designs were constructed, 
such as pin lock (the pin passing through both blade 


-and jaw), door latch arrangement (on the outside of 


break jaws), notched blade lock, pinned blade lock, ete. 
Fig. 11 shows a satisfactory arrangement in which 
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the blade of the switch notched so’as to fit down over 
the clamp around the jaws. The object in this arrange- 
ment is obviously to prevent the insulators and jaws 
from spreading with the consequent disengagement 
of the latch. This scheme was very effective, the 
current required for opening being 125,000 peak am- 
peres. Opening occurred after 18 cycles, the current 
having died down to 102,000 peak amperes. The dogs 
of the latch sheared off as shown in Fig. 11, thus per- 
mitting opening. This is one of the few cases in which 
more than one cycle was required to open a switch. 
Figure 12 shows the phenomena. 

A somewhat similar scheme, designated as the pinned 
blade lock, held up equally well on subsequent tests. 
Instead of the blade being notched with a clamp around 
the break jaws, a pin was driven through the blade 
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which butts against the break jaw thus preventing any 
outward motion. ere 
(f) Make A 300-Ampere Switch with Make A Lock. 

It is understood that at the time of test this switch 
was the latest design by this manufacturer. The 
current-carrying portions are very similar to those of 
the older type; but the insulators show considerable 
improvement. Fig. 13 shows this switch with the new 
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type of lock in place. Fig. 14 shows a more detailed 
view of this lock from which its operation is evident. 
It is believed that the lock occupies considerable space 
for its effectiveness. Furthermore, the quality of 
workmanship is not as high as in the other portions 
of the switch. The insulators are strong and well 
constructed, and showed no signs of weakness in the 
tests. The method of mounting the insulators could 
be improved, as it is necessary to remove the entire 
switch to make replacements. It is worthy of note 


278 


that the effectiveness of this lock is not dependent 
upon the rigidity of the insulators. 

The switch was given five tests up to 90,300 peak 
amperes, which current was effectively withstood. 
However, burning was evident on all tests, and on the 
fifth test the blade turned red. A sixth test was made 
at 105,300 peak amperes, and the switch opened after 
one-half cycle, burning the blade, jaws, and lock badly 
as shown in Figs. 138 and 14, these pictures being taken 
after the last test. It is thought that the tips of the 
dogs sheared off, permitting the blade to open. The 
are then burned the lock, blade and jaws as shown. 

The dogs butt directly against one another, and the 
amount of metal that resists the shear of the blade is 
small. The lock could be so designed that the two 
dogs would be staggered and each one would then 
extend all the way over the blade, thus offering con- 
siderably more metal to resist shear. 

Test was made with the switch in the loop previously 
referred to. The calculated force due to this rear 


bus was 112 pounds at the break jaws, and the force 
due to the current passing through the switch was 227 
pounds, giving a total force of 339 pounds at the break 
jaw. This force is equivalent to a current of 127,000 
peak amperes through the switch, if there were no rear 
bus present, ignoring the effect of the sides of the loop. 
The pull at the break jaw was 21.5 pounds for this 
test. 

(g) Make B 300-Ampere Type O Switch with Lock. 

Fig. 15 shows the construction of this rigid insulator 
switch. The blade is double but is so constructed 
that it does not properly take advantage of the clamp- 
ing action of the blades. This clamping action due 
to the passage of current in the same direction in the 
two sections, might be utilized in clamping the break 
jaw, both increasing the friction and insuring better 
contact. This force action is felt only during the flow 
of high currents through the blade. The lock is asimple 
hook arrangement located on the outside of the loop 
formed by the conducting portion of the switch. 

The lowest current at which this switch opened was 
66,800 peak amperes in one-half cycle, breaking off 
the hinge jaw insulator. Burning at the lock indicated 
that it carried current, and it was thought that forces 
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might have resulted which caused the lock to open. 
To confirm this suspicion, currents averaging about 
60,000 peak amperes, sustained value, were passed 
through the switch with the blade bolted shut and a 
contact mechanism in front of the lock (about 3/16 in. 
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distant). This contact mechanism completed a battery 
circuit through the oscillograph vibrator, and at the 
above current repeated contact was made as shown on 
the oscillograph film, indicating that this was the cause 
of the lock opening. 
(h) Make B 300-Ampere Selector Type O Switch with 
Lock. 
Fig. 16 shows this switch with its locking mechanism. 


Pre. 1, 


It is rated at 300 amperes, but the current-carrying 
parts are fragile as compared to other switches of the 
same rating. Opening occurred at 53,900 peak amperes. 
The lock was bent and badly burned. A part of the 
break jaws welded to the blade, and was pulled off 
with it when opening occurred (see open blade in Fig. 
16). . 
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(4) Make B 300-Ampere Type M Switch without Lock. 

The type M switch (Fig. 17) is one of the older de- 
signs, and was tested for the reason that a number 
of them are in use at this time. With a break jaw 
pull of 20 pounds, opening occurred at 39,000 peak 
amperes. 
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(j) Make B 300-Ampere Plain Insulator Switch. 

The name “plain insulator’ switch was applied to 
this type for want of a better name. In fact, there 
is no marking on the switch to indicate the maker, but 
the assumption that it was a Make B switch was con- 
firmed by one of the maker’s representatives. Fig. 18 
shows the switch, provided with a lock, described below. 
While the design of this switch is not beyond criticism, 
it must be said that the workmanship is as good as 
on any switch tested, referring principally to the current 
carrying parts. The current required for opening was 
51,200 peak amperes (without lock), with a break jaw 
pull of 20 pounds. 


As many of these switches were in use on the system 
located at points where short-circuit currents of suffi- 
cient magnitude might obtain to cause opening, it 
was desired to apply some sort of locking mechanism 
to this switch that would render it safe up to approxi- 
mately 100,000 peak amperes. The scheme finally 
decided upon is shown in the illustration. It has the 
disadvantage that two motions are required to close and 


lock the switch, one to close the blade, and one to 
lock the switch. The first test was made with the 
lock pedestal insulated, and the blade held satisfac- 
torily at 116,000 peak amperes. The insulation was 
then removed permitting the lock to carry a portion 
of the current. It was then tested at 96,600 peak 
amperes, which was successfully withstood. 

Testing was with a rear bus present and 116,000 
peak amperes is equivalent mechanically to 143,000 
peak amperes passing through the switch with no rear 
bus. 

(k) Make B 600-Ampere Selector Type P Switch with 
Lock. 

This switch, Fig. 19, was never completely tested, 
as it was received in such condition as to require con- 
siderable dressing before it could be put in service. 
The type of lock used will be discussed later. It might 
- be mentioned that several tests were made on this 
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switch as received and it did not open (up to 84,500 
peak amperes) due to the burning and welding at the 
contacts. 
(l) Make B 300-Ampere (35,000-Volt) Type P Switch 
with Lock. 
Fig. 20 shows this switch. The lock is similar to 
the switch previously mentioned. It is not particu- 
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larly effective, for it may be opened with a little effort 
by pulling on the blade. Opening occurred at 34,000 
peak amperes, after 6.5 cycles. 

(m) Make B Switches of other Types. 

Fig. 21 shows a 1200-ampere type S switch, one of 
the later switches of this make. The locking mechan- 
ism is fairly simple and substantial. With a pull at 
the break jaw of 39.5 pounds, 142,000 peak amperes 
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failed to open it. This is equivalent mechanically 
to 208,000 peak amperes as the test was with a rear 
bus. 

Fig. 22 shows a 600-ampere switch designed by Mr. 
F. E. Ricketts, of Baltimore. The principle, that of 
avoiding loops is obvious. The jaws are so designed 
that the current passes straight through the switch, 
thus eliminating any tendency to open. The first 
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group of tests was made with the connections extending 
in a straight line on either side of the switch for about 
five feet, thus avoiding loops that would tend to open 
the blade. With these connections the switch remained 
closed up to 90,700 peak amperes. The connections 
were next brought in from the rear at right angles to 
the blade, in the plane of the blade opening, thus form- 
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ing a short loop (about 17.5 in. between the two leads). 
Opening occurred after 18.5 cycles at 58,300 peak am- 
peres. As the connections to a switch in service are 
usually as in this last test, it is felt that this scheme is 
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hardly applicable to most installations. The design 
may prove valuable in bus section switches, or other 
places where loops are avoided. 

A 1200-ampere switch of this design was tested up to 
93,000 peak amperes, but it showed no signs of distress. 
No attempt was made to test it further. 
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(n) Make C 600-Ampere Switch with Lock. 

Relative to the design and construction of this switch 
it might be said that it is the equal of any switch tested. 
Fig. 23 shows the switch to be a double blade switch 
with jaws and lugs cast integral. The blade is so 
designed as to take full advantage of the clamping 


The lock 


action due to the passage of high currents. 
is simple and strong. The contact between the blade 
and jaw is ground giving accurate contact, and these 
jaws may readily be removed without changing the 


insulator. Fig. 24 shows the lock mechanism, which is 
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located on the outside of the break jaws. Outward 
movements of the insulator will not tend to disengage it. 

It was impossible to open this switch at currents up 
to 144,000 peak amperes, which test was with rear bus, 
and equivalent mechanically to 181,000 amperes. 
The burning was relatively slight up to 111,000 peak 
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amperes. Fig. 24 was taken after the’tests were com- 
pleted and shows the relatively slight burning even at 
these high currents. This switch with its locking mech- 
anism remained operative after the tests were completed. 

Without locking mechanism this switch opens at 

52,200 peak amperes. 
(0) Make C 300-Ampere Switch with Lock. 

The 300-ampere switch is similar in design to the 
600-ampere switch described previously. Currents up 
to 129,000 peak amperes failed to open the blade, the 
mechanical equivalent due to the rear bus being 152,000 
peak amperes. On previous tests the blades were 
drawn together somewhat and the hinge jaw lug was 
bent due to the burning loose of one of the leads. 
This lug was straightened out, and on this last test 
burned loose at the end of the eighth cycle. This is 
obviously the fault of the bend in the lug, and not an 
inherent fault in the switch. Fig. 25 shows this burn, 
and in addition, the drawing together of the blades due 
to the passage of high currents. 


Fig. 31 


(p) Make D 300-Ampere Selector Type Switch with 
Lock. 

This familiar type of switch is shown in Fig. 26, in 
which the mounting of the insulators with the studs 
running through to form the back connections, may 
readily be seen. Attention is called to the large loop 
formed by these studs which means that a relatively 
great outward force is exerted on the blade, for a given 
current through the switch. However, the outward 
forces on the break and hinge jaws cause no movement 
due to the method of supporting the insulators. The 
lock used on this switch consists ina hinged leaf engaging | 
in a notch in front of the break jaw. 
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The switch was first tested with the lock removed. 
With a break jaw pull of 16 pounds the opening occur- 
red at 28,200 peak amperes in one-half cycle. The 
lock was then replaced and the break jaw pull reduced 
to about 8 pounds. Opening occurred after 15 cycles 
at 41,600 peak amperes. 

The switch was then tested with both of the break 
jaws alive at one polarity, and the hinge jaw alive at 
the opposite polarity. The blade opened at 48,100 
peak amperes after one cycle and blew into the oppo- 
site. jaw, thus establishing the current again, blowing 


Fie. 32 


Fig. 33 


back and forth, making four contacts in all. Fig. 27 
(oscillogram 74) shows this phenomena with the dura- 
tion of contact and the interval between. 

It could not readily be seen just why this lock should 
open, and the only explanation advanced was that 
some of the current flowed through the leaf in such a 
direction as to cause repulsion between the blade and 
itself. This seemed very unlikely however, and several 
lock opening tests were made similar to those described 
above, by bolting the blade to the jaw. The oscillo- 
grams showed that the lock opened at the peak of each 
half eycle. An examination of Fig. 28 (oscillogram 166) 
shows this opening, the notches in the middle line under 
the peak of each half wave indicating that the lock 
opened and made contact. 

(q) Make D 300-Ampere Switch with E N Lock. 

In Fig. 29 is shown one of the latest locks of this 
make. It will be noted that the hinge jaw is not split 
which is a very desirable feature. At a current of 
90,300 peak amperes the insulators broke off, which 
evidently permitted the lock to open, but with stronger 
insulators it is believed that the lock might stand up 
better. The “‘equivalent’”’ current in this case was 
118,000 peak amperes. 

(r) Make E 300-Ampere Switch with Lock. 

This switch is, generally speaking, more generous 
in its proportions than many other switches tested. 
The hinge jaw is not split, making a strong hinge joint. 
The break jaw is split, but due to the design of the lock, 
this is not a disadvantage. The locking mechanism is 
contained in a head riveted on the end of the blade, as 
shown in Fig. 30. 

This switch showed up well up to 75,800 peak amperes 
but at 141,000 peak amperes (break jaw pull 16 pounds) 
the blade opened. Examination showed that the head 
had pulled off of the blade, probably due to the shearing 
of the three rivets which holds the lock head on the blade. 
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Fig. 4 shows this switch after tests. As this last test 
was in the loop the 141,000 peak amperes is mechani- 
cally equivalent to 169,000 peak amperes. 
(s) Make F 300-Ampere Switch with Lock. 

There are many features in the design of this switch, 
Fig. 31, which are worthy of note, such as the solid 
hinge jaw, the adjustable and interchangeable insulators 
the locking mechanism, ete. To all outward appear- 
ances the lock is well made and effective. For this 
reason no attempt was made to: test at the very low 
currents. Several tests were made in which the blade 
opened at currents from 65,000 to 75,000 peak amperes. 

A thorough examination of the switch was then made 
to determine just why the lock should open. It was 
found that when the insulators were spread apart the 
lock opened, due to the cams on the pull ring pushing 
against the dogs which open the lock. The remedy 
that suggested itself was to separate the cams and dogs 
lin. by moving the insulators together by this distance. 
This being done, the switch was tested at 121,700 peak 
amperes, at which current both insulators broke off 
and the lock opened, releasing the blade. The current 
equivalent mechanically to 121,700 peak amperes (due 
to the rear bus) is 154,000 peak amperes. 

(t) Miscellaneous Makes Tested. 

Fig. 32 shows a cam lock fitted on a standard make 
switch, designed by Mr. F. T. Leilich of Baltimore. 
This lock consists of a eam which presses against the 


break jaw when an outward force is exerted on the blade 
or jaw. The switch was tested up to 68,000 peak am- 
peres without opening, but injury to the switch pre- 
vented it being tested further. 

Fig. 33 shows an arrangement of parts made by vari- 
ous manufacturers and used at various points on the 
system. With the lock properly adjusted 81,500 peak 
amperes opened the blade. 

(u) Make G 300-Ampere Switch with Lock. 

In Fig. 34 is shown a switch very similar in design 
to the MakeC switch. The photograph was taken after 
the switch had been opened at 124,100 peak amperes, 
equivalent mechanically to 152,000 peak amperes. At- 
tention is again called to the drawing together of the 
blades. 

(v) Make G 600-Ampere Switch with Lock. 

The 600-ampere switch is similar in design to the 
300-ampere switch described in the preceding para- 
graph. Currents up to 145,000 peak amperes, equiva- 
lent mechanically to 193,000 peak amperes, failed to 
open the blade. 


Discussion 

AIR-BREAK MAGNETIC BLOW-OUTS FOR CON- 

TACTORS AND CIRCUIT BREAKERS, BOTH A-C. 
AND D-C. (TRiTLE) anpD 

THE EFFECT OF HIGH CURRENTS ON DISCON- 

NECTING SWITCHES WITH SPECIAL REFERENCE 
TO THE MECHANICAL STRESSES RESULTING 
(Louis AND SINCLAIR). 


H. D. James: The investigation of basic are rupturing 
phenomena is necessary for the proper design of control appa- 
ratus. Mr. Tritle in his paper has made a valuable contribution 
toward our knowledge of this subject. Similar investigations 
have been made by Messrs. O. H. Escholz and J. W. Legg. 
The practical results of these investigations are fundamentally 
the same but different methods have been followed so that the 
photographs and curves obtained will supplement Mr. Tritle’s 
paper. 

Mr. Legg developed a rotary type of high-speed camera 
which is fully described in the Electric Journal of December 1919. 
This high-speed camera has been found to be exceedingly useful 
in the study of are phenomena, particularly in the development 
of magnetic blow-out switches. Some of the phenomena dis- 
closed by its use are discussed by Mr. Escholz in the 
Electric World, September 3, 1921,and were reprinted in leading 
technical papers including the #. T. Z. of February, 1922. 
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At the annual meeting of the Association of Iron & Steel 
Electrical Engineers in September 1919 I presented a paper 
illustrating a line of magnetic contactors embodying improved 
are rupturing means resulting from these investigations. This 
paper was printed in the Hlectric Journal in November 1919 and 
also in the Transaction of the Iron & Steel Electrical Engineers 
for that year. I will not repeat the details of these papers as 
they are a matter of record and can be examined by those 
interested in this branch of the art. 

Briefly described, the electric are is an elastic conductor con- 
sisting of a core of ionized gases surrounded by a luminous 
gaseous envelope. The are is ruptured by simultaneously 
lengthening and cooling it. Every are has a eritical length on 
constant potential systems and will be ruptured if extended 
beyond this length. This critical length can be decreased by 
artificial cooling. 

Mr. Tritle has brought out the advantages obtained by cooling 
the are and a design of contactor utilizing this cooling effect. 

Another form of are box not only cools the are but confines 
the critical length within a smaller area of magnetic field. (See 
Fig. 1). 

This is accomplished by an insulated barrier placed transverse 
to the are stream causing the are to form a double loop so that 
its length is increased more rapidly than if this barrier or splitter 
were absent. 

In addition to stretching or lengthening the are, this splitter 
interposes a cooling surface to the are stream very shortly after 
the are has formed. This is the most effective time to begin 
cooling because of the high energy density per unit length of the 
are stream. The are splitter may havea piece of copper attached 
to the tip nearest the are which very materially assists in increas- 
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ing the cooling. This copper will not form a part of the are 
circuit until the two extreme points of the copper shield have 
become heated to the point where they will emit electrons and 
ions. By the time this condition has been reached the are has 


been stretched to a very considerable length so that its energy 
density or heating effect is small and in many cases the copper 
shield is never heated sufficiently to form a terminal point for 
the are. 

If the are box is enlarged, additional barriers or are splitters 
may be introduced. These splitters may have copper shields on 
The small contactors operate 


the tips if conditions warrant. 


Fig. 2—VarIATION IN Arc Contour on Ruprurina. 40 
AmpEres, 250 Vouts, Resistance Loap. Max. 
Lenetu = 20 In., 1600 Exposures PER SEC. 


satisfactorily without the copper tips and even in large contactors 
or those used on high voltages only a very few are splitters 
require copper shields. 

When these are splitters are properly designed and loeated 
they are not subjected to any more burning than other parts 
of the are box. Referring to Mr. Tritle’s illustration, Fig. 10. 
it is conceivable that transient parallel ares may be formed in 
each compartment, but test data have shown that ares in parallel 
without individual stabilizing means are exceedingly unstable, 
and it is to be expected that one of these ares will be very quickly 
transferred to the other chamber, thereby reducing the volume 
efficiency of the are box. 
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The dimensions of an are box are determined by two major 
factors, the most important being the critical are length at which 
rupture occurs and the second the approximate are width. The 
critical length of the are is illustrated by Fig. 3, taken with the 
high-speed camera. This shows the are from the time it is 
first formed until it has reached the critical length where it 
remains for a short instant and is then ruptured. The critical 
length of the ares obtained from test under normal conditions 
without artificial cooling are shown in Fig. 4 which gives the 
relation between the volts across the are at the instant of rupture 
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and the length of are at that time for various initial line currents. 
Introducing various cooling agencies will shorten this critical 
length. Fig. 5 shows the same conditions of ruptures as illus- 
trated in Fig. 3 except with the addition of’a barrier transversed 
to the are stream. This barrier functions both to cool the are 


Fig. 4—Arc Contour Rurprurine 400 Amprres, 250 Vourts. 
Max. Lenora = 19.5 1n., 1600 Exposures per Src. Note 
Arc “SPpLirTeR” 


stream and to cause the formation of a double loop which 
decreases the area of the are shield necessary torupture an are of a 
given criti¢al length. An extreme development cf the are 
splitter is shown in Fig. 6, where three barriers are employed. 
The illustration at the left shows the are stream making initial 
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contact with the splitters, and that at the right shows the appear- 
ance of the loops immediately prior to rupture. The photo- 
graph indicates that the three barriers have not been properly 
disposed to make the best use of the space. In locating barriers 
or are splitters in an are box, care must be exercised to prevent 


Without Arc Splitter 


With Splitter 
Fic. 6—DrawinGc or Contacts AND Biow-Ovur Unit 


SHowina Rewvative Parus or Arc 

the retention of incandescent gas and vapor close to the contacts. 
The effect of such confinement of hot gases can be readily visu- 
alized by noting the contour of the incandescent gases in the 
vicinity of the contacts in this illustration. To minimize the 
liability of such accumulation of conducting gases it is desirable 


to provide as free an exit for such gases as possible. 
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Any restricting means placed in the path of the are stream 
will tend to create a back pressure and result in the accumulation 
of incandescent or conducting gases in the neighborhood of the 
contacts, therefore, an are box structure should be proportioned 
to give ample exit areas. The current density of the are stream 
under atmospherie conditions is approximately 500 amperes per 
sq. in. It is, therefore, evident that if the width of the are box 
is less than the normal diameter of the are stream that this 
stream will be forced to assume approximately an elliptical 
shape. This will retard the exit of the are and its hot gases 
and augment the accumulation of conducting gases in the vi- 
cinity of the contacts. 

To summarize, the are is ruptured by stretching to the critical 
length. 

The rupturing capacity of a given are box is increased by the 
use of splitters Figs. 6 and 7, due to: 

(a) The cooling effect which decreases the critical are length. 

(b) The confinement of a longer are stream within the available 
magnetic field. 

The box width and position of barriers should be designed to 
permit the free exit of conducting gases to avoid are reignition. 

B. G. Jamieson: The problem of interrupting a circuit, 
under load conditions particularly, is of course a difficult one, 
and the extent to which this air rupturing may be carried is a 
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thing which will interest all of us. Of course, when we think of 
the application of this principle to indoor work, the first idea 
that strikes us is, ““How much space can we afford the are after 
it leaves these chutes, and how much danger is there of re- 
establishment of the cireuit even after the chute has been 
cleared?”” The pictures given by the author mention the are 
in one case as 43 x28 in. If that is symmetrically disposed 
across three phases it at once brings to our mind the necessity 
for doing something with these gases after they have left the 
chute. 

In some of the experiencés to which the Commonwealth 
Edison Company have been subjected, the real serious part of 
the whole affair has been the taking care of the are after it has 
left the contacts. A point in that connection which also sug- 
gests itself is that there has been a demand created by certain 
exigencies for circuit breakers, more particularly d-c. perhaps, 
which will operate within very limited areas or space contents. 
I was talking with a manufacturer who had been considering the 
problem of building breakers of the capacity of 1500 amperes, 
low voltage, and it was necessary to house these breakers, per- 
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haps build them so they could be mounted on 4-in. centers.. I 
asked him if his difficulty lay in the disposal of the are gases. 
He told me that much to his surprise the indications were that 
the disposition of the are within that enclosed small space was 
a simple matter, there seemed to be some favorable tendencies 
of extinguishing the are, or at least of preventing the re-establish- 
ment. So that the point I would like to make is that however 
efficient this device may be towards the excluding or expulsion 
of the gases from the point of their origin, to carry this to a 
successful final usage means perhaps a consideration of the 
disposal of the gases somewhat beyond the points indicated by 
the author. 

Also there is suggested in this type of circuit rupturing device 
the question of effect of a passage of those gases past any working 
parts. I would expect, personally, that there would be con- 
siderable damage to parts. Perhaps the design of the breaker 
takes care of that, but if the breaker is used in a service where it 
is not convenient to make frequent renewals, it seems to me that 
more attention perhaps, or more emphasis might have been 
placed on the adequacy of the breaker with respect to that point. 

The paper by Sinclair affords us a somewhat definite measure 
of the forces and effects operating and produced by certain 
measured conditions; all operating men have probably 
experienced some of the untoward results, but they are always 
at a loss because they don’t know, or it is not convenient or 
easy to determine just what the forces were that produced the 
results, and that accurate measurement of cause and effect is a 
very useful step in the determination of the design of apparatus 
of this sort. 


In our own Chicago experience we have had disconnecting 
switches blow open, not due to the displacement of the blade 
from the plane of the main conductor alone, but by reason, 
apparently, of the proximity of other conductors, and there is 
just a little question whether there isn’t a resulting. effect which, 
in the easé of three-phase alternating, atleast has to be taken into 
account. Locks have been destroyed when it wasn’t possible 
to account for their destruction by the ordinary explanations 
given in the paper. 

I might add, some years ago, in sort of an experimentalattempt, 
we built some disconnecting switches which were designed to oper- 
ate directly in the plane of the conductor or rather in the line of 
the conductor. This switch, if you will imagine a section of a 
conductor between two insulators removed and a couple of lugs 
put on .the end of those conductors at a distance of 18 inches, 
and a blade right in the center line of that conductor, you -will 
have an idea of the comparison of the experimental 
device that we built.. We went a little further. We split 
that blade and we caused it to operate. with a scissors- 
like motion so that the two halves of the blade operating oppo- 
sitely presented no resultant unbalanced force, so far as the 
actuation of the device was concerned.’ Those switches have 
been in service for some years, and there have been no results, 
that is to say, no results which would give us any basis for the 
accuracy of that design. But it would seem as though if we 
want to get to an easier type of construction, that our difficulty is 
lessened as we approach the center line of the conductor. 


J. B. MacNeill: The theory of the magnetic blow-out is a 
proper one to apply to switching equipment of any type where 
it is desirable to cause maximum extension of are in a minimum 
time with consequent reduction in amount of arcing and dis- 
tress on the switching unit. For high currents considerable 
blow-out effect can be secured by simple relationships of the 
current carrying parts and without the addition of blow-out 
coils. 

Such a simple and effective relationship is obtained in the 
ordinary oil circuit breaker where the contacts into and out of 
the tank form a loop which gives the positive blow-out effect 
on heavy currents. On light currents, where the blow-out effect 
is inadequate for rupturing purposes the addition of blow-out 
coils and magnetie coils gives the desired result. It may be 
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interesting to note that the Westinghouse Co. has been working 
for some time on the development of oil immersed switching 
equipment with magnetic blow-outs to secure high speed rup- 
turing of the are on comparatively low current. This develop- 
ment will probably be published in the near future. 

Air switching using magnetic blow-outs will probably find a 
serious limitation in difficulties of insulation for high voltages. 
It would appear that even at voltages of 12,000 to 15,000, the 
insulation difficulties would become very considerable. This 
difficulty would, of course be greater for outdoor applications 
than for indoor. Indoor applications of this principle will 
find some objection from the noise developed when rupturing an 
are unless special provisions are made for reducing the same. 

The Louis-Sinclair paper brings out very forcibly some 
features of past disconnecting switch practise which should be 
avoided in the future and, therefore, paves the way for improve- 
ment in this field which is of considerable importance to operating 
companies as the concentrations of power become heavier. 

Given a lock which performs satisfactorily on short-cireuit 
currents, there is still the hazard that an operator may not 
completely close.a switch in which case the lock does not become 
effective. In this case poor lock and good lock fare alike as the 
first short circuit that occurs blows the switch open if of sufficient 
magnitude. The switch shown in Fig. 22 (page 275). of the 
April JournaL was developed to overcome this difficulty. 
The relationship of the leads to the switch and the blade is such 
that if the switch is not completely closed the force generated 
by the short circuit closes it more completely. A disadvantage 
of this switch is that the leads to and from it must not be looped 
in such a way as to neutralize the desired magnetic action. 

Switch locks have been developed to overcome the difficulty 
of an operator not latching the switch. The usual method is 
to have a lock in which the operator cannot remove the hook 
stick until the switch has been completely latched. Such de- 
vices, however, while they have been on the market for several 
years have not become widely popular, as they can be fooled 
by the use of a wrong hook stick. 


Supposing lock difficulties have been disposed of, there 
always remains the possibility with an ordinary hook stick type 
of switch of an operator pulling the wrong switch with serious 
consequences. In some of the later high powered stations, 
therefore, remote control, gang operated switches, operated 
from the breaker aisle and properly inter-locked with the cir- 
cuit breaker mechanism have beenused. Suchswitches generally 
are self-locking by a toggle which goes over center in the closed 
position. Such switches seem to involve minimum risk to 
operators and maximum ease and speed in operation. The 
possibility of trouble with such an arrangement is limited to 
breakage of remote control linkage which is very remote. 


F.C. Hanker: The development of the high speed oil circuit 
breaker is one which will take care of conditions where we want 
very high speed of interruption, as is the case in reducing the 
inductive effect of the short-cireuit current. The difficulty 
we will probably have to overcome will be the minimum current 
we can interrupt; that is, whether the are will hang on with 
small current on account of the difficulty of confining the are 
to any specific structure suchas achute. On the high voltage type, 
to get a material that will stand the high are ga ce" J and 
still confine them is one of the difficult problems. 


H. L. Wallau: In connection with the use of locks vs. 
switches the relative hazard might be illustrated by a practise 
of our own company in which locks are placed on disconnecting 
switches which are inserted in the main circuits. The discon- 
necting switches which are used to cut out potential transformers 
are not so provided. We have never had any trouble with any 
of these disconnecting switches on potential transformer circuits, 
and probably one of the reasons for this is that it is our practise 
to use a No. 14 varnished cambrie conductor to make the 
connections between the bus and the switch and the switeh and 
the transformer. In every case where there has been any 
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transformer trouble this No. 14 conductor has acted as a fuse, 
the conductor has usually been completely vaporized simply 
leaving the enclosing envelope of insulation. No damage what- 
ever has been done either to the switch or the cell structure 
or anything outside of the particular piece of apparatus in which 
the fault developed. 


H. P. Liversidge: The results which have been presented 


covering the investigation of the performance of disconnecting. 


switches under high-current stresses bring out some very inter- 
esting facts, particularly in reference to the resulting mechanical 
stresses which are imposed upon the entire switch combination. 
Certainly the testsmade under actual current conditions aid very 
materially in visualizing actual performance, and it is interesting 
to note that many of the results obtained check very closely 
with values obtained by ealeulation. Itis unfortunate, however, 
that in the combination of the various elements making up the 
completed switch, further consideration was not given to certain 
faetors which, based on the performance recorded in the paper, 
must be regarded as variables, and because of this, the results— 
so far as they apply to separate parts of the combination, can 
hardly be regarded as conclusive. 

It is evident from the report that the high-current tests on 
switches were instituted with the idea of determining the charac- 
teristic performance of switch combinations, as used in one 
particular system. However, as these tests proceeded, it would 
appear from the report that the performance of switch combina- 
tions taken more or less at random, was used as a basis for 
establishing the characteristics of various specific designs of 
switches. 


In analyzing any switch test of this nature, consideration 
must be given to a combination of (a) the switch, including 
the blade and contacts; (b) the switch lock; (¢) insulators with 
their fittings; and (d) the insulator base. 


Since the combination of the different parts making up the 
switch bears a very definite relation to switch performance 
under conditions of the character imposed by these tests, it is 
clear that any conclusions which are drawn as the result of 
such performance must be based upon a correct knowledge of 
the design and characteristics of the switch in relation to the 
duty for which it was intended. It is evident that a light-duty 
combination which wasreinforced by a notched blade so arranged 
as to act as a tie across the tops of the insulator-supports would 
show better results than another light-duty combination which 
was not provided with this reinforcement. On the other hand, 
a combination of switch, insulator and base designed for high 
mechanical strains, and of comparatively rigid construction, 
would, if correctly designed, require no bracing to prevent 
spreading, and the performance would be largely a question of 
lock design. Under such conditions, therefore, stresses imposed 
on various combinations of switch and lock would be largely a 
matter of resisting the outward thrust of the blade alone. 


In looking over the report, it is quite evident that the various 
switches which were tested showed a random selection of locks, 
insulators and bases, and in combinations, which, under certain 
tests, gave rather misleadingresults. As an example, if switches 
reported as Makes D and F and shown in Figs. 29 and 31, had 
been mounted on insulators designed for the duty which was 
imposed upon them, the results so far as the effectiveness of 
the lock is concerned would, undoubtedly, have been far different. 
The conclusions which have been drawn by the authors, there- 
fore, and which refer particularly to the operation of switch 
locks, cannot be regarded as conclusive insofar as the perform- 
ance of different types of locks is concerned. In commenting 
upon locks of Make F, the authors state that this particular 
lock proved to be rather inferior and blew open at relatively 
low currents. An examination of this switch combination would 
indieate that this type of lock is designed primarily for use on a 
rigid type of insulating support and base. Where the amount 
of energy is very limited, a light-duty type of equipment is 
furnished; and where the forces are heavier, the insulator design 
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and base are proportionately increased, always with a factor 
of safety sufficient to prevent any movement of the insulators, 
and, in this manner, positively prevent any relative movement 
which would affect the operation of the lock. In the particular 
test cited, a light-duty combination which was not designed for 
such expulsion forces, was used. While the lock did not open 
because of any electrical strains, it was forced open by reason 
of the spreading of the insulators, and the bending of the flat 
steel plate insulator base. What was actually tested, therefore, 
was not the lock but the insulators, and this seems to have been 
the case in quite a few of the tests recorded. On this particular 
test, the use of the notched blade furnished under certain 
requirements, in combination with the light-duty insulator, 
would quite likely have given the true performance of the 
lock alone. 


The writer trusts, therefore, that the authors will continue 
the work which they have started and inaugurate a second 
Series of tests with the idea of eliminating the variables included 
in this first series, so that the performance of locks,—which 
was evidently one of the principal reasons for instituting the 
tests—may be investigated under the exact conditions for which 
the combinations have been designed. Unless such tests are 
carried to a conclusion, it is felt that quite erroneous im- 
pressions covering the relative performance of various makes 
of locks and switch combinations may be secured. 


H. B. Dwight: The method of testing disconnecting switches 
used by Messrs. Louis and Sinelair is very practical and should 
be of the greatest value in improving the design of such switches. 
As in the tests made by Mr. Torchio and described in the 
JOURNAL of the A. I. E. E. of February, 1921, the disconnecting 
switches were not subjected to a laboratory test, nor to an imi- 
tation of operating conditions, but they were made to carty 
actual full-size short-circuit currents from large generators. 
Since the most exacting duty required of disconnecting switches 
is to carry short-circuit currents, weaknesses or improvements 
in design disclosed by such tests may be trusted in forming a 
judgment of the relative value of different designs. 


While the final criterion of the value of a design of a disconnect- 
ing switch is its performance under actual short-circuit conditions, 
caleulated values of forces are useful in correlating test results, 
and in pre-determining the operation of the switch when it is 
not practicable to make full size tests. This is also true of the 
effect of the neighboring parts of the circuit, one or two cases 
of which were tested by Messrs. Louis and Sinclair. Many 
different forms of circuit may arise in practise, and comparisons 
between them ean usually be made by ealculation, using the 
methods, and in many eases the partial formulas, of the complete 
paper by the writer in the 1920 Transactions. 

These methods of caleulation and partial formulas ean be 
used also for calculating the force at each point of the switch 
supports, tending to move the insulators apart in a direction 
parallel to the switch blade, as described by Messrs. Louis and 
Sinclair. 

The comparison between the measured force and the calculated 
force given in connection with Fig. 6, by which they differ by 11 
per cent shows very satisfactory agreement between test and 
calculation, considering thé nature of the test measurement and 
of the problem calculated. While the currents in the parallel 
parts of the jaw would tend to squeeze the jaws together and 
increase the friction, the explosive action of metal vapor or oil 
vapor in the jaw would tend to decrease the friction, even if 
it did not foree the jaws apart as in Fig. 4. The authors state 
that ‘‘in most cases when the switch blew open the break jaws 
spread apart.’’ It would be expected that this action would 
be more pronounced when a lock is used, since heavier currents 
would flow at the time of opening than would flow if no lock were 
used. 

H. R. Woodrow: The paper by Messrs. Louis and Sinclair 
bring out two points which I would like to emphasize. One 
is the effect of the circuit external to the disconnecting switch 
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on the electromagnetic forces on the disconnecting switch. 
It is therefore, of paramount importance that the operating 
engineer or the consulting engineer take into account the con- 
ductors leading away from or in proximity to the disconnecting 
switch, in determining the forces on the switches. 

The second feature is pulling stresses produced at the clips 
of the disconnecting switch, which tend to pull the switch in two. 
This makes it desirable to have the locking device constructed 
in such a way as to counteract the forces produced in line with 
the switch, as well as the opening force. / 


Fic. 8—REcorD oF CHANGE IN Arc DIAMETER, ARC VOLTAGE 


Arc CurRENT, ON Ruprurine 260 AMPERES. 250 VoLts. VER- 


TICAL CARBON ELECTRODES. 


J.C. Bank: I would like to ask Mr. Tritle what the chances 
are of developing his switches for out-door use? I am afraid 
that many of the operators will be somewhat. hesitant about 
putting switches which produce large ares indoors at the stations, 
but if they could be put outside, where more space would be 
available, it would be a very valuable feature. 

O. H. Eschholz: Mr. James has referred to two important 
eMaracteristics of the are during the period of rupture, i. e.. 
the critical or unstable are length and the area of cross section 
of are stream, that merit further comment. 

The critical are length on rupturing a direct current supplying 
energy to a resistance load is a function of the line current as 
well as of the voltage at rupture. For large initial current values 
it may be computed by assuming one inch length per 22 volts 
of the line or surge voltage. With the critical length of are 
approximated, the contour of the magnetic field.may be chosen 
to assure the application of a positive directional foree on the 
are stream until rupture occurs. 

The selection of are chute width, location of splitters or barriers 
and method of breaker ventilation, are determined chiefly by 
the area of the are stream section. A narrow are chute and im- 
proper barrier positioning may result in rapid switch deprecia- 
tion, noisy break and excessive are duration due to are re- 
ignitions resulting from the trapping of large incandescent 
gaseous masses near the breaker contacts. 

Although the exact determination of the are stream section 
is not necessary, some conception of its order of magnitude is 
essential. Through the use of an ingenious optical system 
devised by J. W. Legg, simultaneous records of are voltage, 
are current, and approximate are width, as shown in Fig. 8. 
were secured. Although the sensitized film is affected by both 
the wave length and intensity of the radiated energy, it was 
possible, by the inspection of numerous films, and the known 
performance of various structures, to arrive at a working value 
of are stream diameter. This was found to be roughly in inches, 


D = 2t + 0.046 VI, where ¢ is the thickness of are envelope 
in inches and J the initial line current. 

The effect of employing too narrow an are box, or of confining 
the incandescent gases near the contacts, on are rupture charac- 
teristics is shown in Figs. 9and 10. For most purposes it was 
found convenient to determine the are core section by assuming 
a current density of 600 amperes per square inch and an envelope 
thickness varying from 14 in. to 44 in. depending upon the mag- 
nitude of the initial current and the applied voltage. 

With the development of similar fundamental dataand knowl- 
edge of operating principles, it has been found possible to 
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extend the field as well as to place the design of magnetic 
blowout breakers on a similar plane with that of other electrical 
apparatus. I am therefore in hearty accord with Mr. Tritle’s 
conclusions that the limiting values of current and voltage 
that may be successfully ruptured in air have not been reached 
by service requirements. 

J.F.Tritle: I wish to thank Mr. James for his very excellent 
contributions to the subject, having in mind particularly Mr. 
Jamieson’s remarks on the desirability of rupturing these ares 
in the smallest possible space. It seems to me that any device 
or combination of devices which helps in doing this materially 
advances the art. ; 

The are barrier placed transverse to the are stream, described 
by Mr. James, certainly cuts down the amount of vapor, and 
increases the rupturing capacity of a given design. We also 
made tests on are barriers of this kind and our results more or 
less checked Mr. James’ results. However, when rupturing 
high power circuits at 600, 1500, 3000 and 6000 volts we ob- 
tained materially better results from the are suppressor plates; 
which split the are into a plurality of multiple connected paths. 

Of course, the number of are suppressor plates and the width 
of the slots must be properly proportioned for each particular 
design so as to provide for the exit of the maximum are with the 
attending hot gases. We consider it an advantage to have the 
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Fic. 9—VARIATION IN Arc CuRRENT, ARC VOLTAGE AND 
Arc Noise oN Ruprurine 500 Ampzrres, 600 Votts, Resist- 
Ance Loap, IN A Magnetic BLowovur FIEvp. 

A and A—Arc passing through center of arc box. 

Band B—Arc impinging against wall of arc box. 

The switch noise intensity was approximately recorded by securing the 
oscillographic record of resistance variation in a granular-carbon type of 
telephone transmitter, upon the impact of sound waves. It will be noted 
that the current and voltage changes in A are quite regular, while in B 
both oscillate at moderately high frequencies. These oscillations produced 
a ripping or tearing noise in B having a higher intensity and pitch than the 
more muffied sound in A. 


width of the are box or the slots less than the normal diameter 
of the are stream, as this arrangement forces the are stream to 
take an elliptical shape, thus giving the maximum area in con- 
tact with the are chute sides for cooling effect. 

Our tests indicate, that as the normal cross section of the are 
stream is reduced the are resistance is increased and therefore 
the critical are length is reduced. When the are suppressor 
plates and narrow slots are used, we can assume in excess of 40 
volts per inch length of are rather than the figure of 22 volts 
mentioned by Mr. Escholz. 

Regarding the instability of the transient parallel ares il- 
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lustrated in Fig. 10 of the paper, it is true that these ares are 
very unstable, but photographs taken looking into all the slots 
distinctly show the hot vapors coming out of all of them, particu- 
larly when rupturing heavy currents. We have not been able 
to measure the exact distribution of current, and it is probable 
that the final rupture of the cireuit takes place in one slot. The 
other slots and suppressor plates, however, are effective in ab- 
sorbing energy from the circuit when the are stream current 
is the highest. 

Mr. Jamieson commented an the space required for rupturing 
the circuit with this air break device. I agree that the amount 
of space, 43 by 28 inches, appears rather large. However, this 
particular contactor was really designed for a lower voltage. 
That is, when we started out we had in mind rupturing only 
about 2500 volts, and something like 1500 to 2000 amperes. 
As the tests developed, we found we were able to rupture a great 
deal more power than that. If the are chute had been designed 
especially for the higher voltage and current, the amount of 
vapor outside of the are chute could have been very materially 


Fre. 10—Arc Re-Ianirions 

Arc rupture characteristics of an experimental switch under conditions 

causing pocketing of incandescent, conducting gases in region of contacts. 

Note arc stream development and the two subsequent are re-ignitions at 
the contacts shown both in the oscillographic and photographic records. 


decreased. Fig. 24is more nearly illustrative of normal conditions. 
In this test 5000 volts and 2300 amperes were ruptured, and the 
luminous vapors came out only four inches. In addition, it is 
possible to put covers over the front of the are chute so as to 
direct the vapors. For instance, on a three-phase cireuit you 
ean direct the vapors from one phase up, the second phase out 
and the third phase down so as to practically eliminate the 
danger of short circuits between phases. Regarding the effect 
of the passage of the gases through the are chute. It is quite 
possible to design both the arcing horns and the are chutes side 
to have a very long life. The are is moved through the are chute 
so quickly that it doesn’t have time to rapidly erode or burn away 
any one particular spot. One of the outstanding advantages 
of the air break contactor is the large number of short circuits 
or heavy currents which may be successively ruptured without 
attention to the are chutes and current carrying parts. 

Mr. Trombetta asked about the progress of development 
work to decrease the amount of gases. The are suppressor 
plates, are barriers and the arrangement described by Mr. 
Creighton are the most effective means that I know of. 

Regarding the effect of inductance and speed of rupture on the 
length of the are, inductance increases the are voltage, so that 
necessarily in rupturing an inductive cireuit a much longer are 
results than from a non inductive ecireuit. I don’t know that 
there is any particular relation between speed of rupture and 
are length. 

Mr. Bank inquired about the chances for outdoor installations. 
The type of contactor deseribed has all the parts exposed, and 
for outdoor service it would be necessary to provide:a switch 
house or enclostre to protect it against the weather. 
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The design shown in Fig. 14, is arranged for both cam opera- 
tion and for remote control by means of a solenoid so that it 
would be suitable for this kind of an installation or for mounting 
on galleries in the main station at a distance from the operator. 

C. T. Sinclair: We realize the short-comings and incom- 
pleteness of our tests, particularly with regard to the effect of 
return conductors on adjacent switches carrying short-circuit 
currents. For example, our tests in only one. or two instances 
were concerned with the effect of an adjacent conductor, as 
explained in the description relative to Fig. 5. But where we 
have three disconnecting switches located in compartments 
relatively close together, it is evident that a short cireuit be- 
tween phases will produce forees, as Mr. Woodrow and Mr. 
Jamieson brought out, on the other switches which will mutually 
react on one another. The nature of the short cireuit will 
determine the ph se displacement of the several currents involved 
and consequently any ealeulation would have to take this dis- 
placement into consideration. 

I was very much interested in the switeh described by Mr. 
Jamieson which is apparently 
very similar in principle to Mr. 
Rickett’s switch; that is, a switch 
in which the eurrent passes 
straight through the conducting 
elements. In Fig. 32 in the paper 
is shown a cam lock switch which 
was designed by F. T. Leilich of 
Baltimore. This switch was con- 
structed partially to take care of 
the difficulty as outlined by Mr. 
MaeNeill, that the operator might 
not close the switch far enough 
to cause it to lock; in ease this 
switch is even partially closed 
the eam lock will hold effectively. 
The tests on this switch are un- 
fortunately, not complete. 


Regarding the criticism of Mr. 
Liversidge, I would like to say 
this: that the authors attempted 
to bring out these very points 
in this paper, that the combination of lock, switch and 
insulators is of paramount importance. This is simply another 
illustration of the fact that achain is no stronger than its weakest 
link, and apparently in the switch referred to by Mr. Liversidge, 
the weakest link is in the insulator and mounting. I assume the 
reference is to Fig. 31, which is a switch that was submitted to 
us for test by a manufacturer. We requested that the manu- 
facturer send us a switch with heavy duty insulators. Not being 
familiar with this particular manufacturer’s design, we could 
only assume that we had received the switch with insulators as 
requested by us and as specified by them. 

H. C. Louis: I would like to accentuate the fact that it is 
not our intention in this paper to criticise for the sake of con- 
demnation any particular designs or makes of disconnecting 
switches but to impress on manufacturers and operating com- 
panies the importance of understanding and taking care of the 
various factors involved. Mr. Liversidge in his discussion has 
stated that the performanee under our tests of a certain lock was 
not due to the design of the lock itself but to other cireumstances. 
This is another example of the necessity of considering all factors 
involved, which as an operating man, I ean appreciate very 
much. 

A piece of apparatus is installed, designed and expected to do 
certain things; it fails to do so, perhaps due to secondary effects, 
not previously realized; the operating company suffers severe 
inconveniences and losses, and the manufacturer may be com- 
pelled to change it. So, therefore, it seems that if such facts as 
are brought out in this paper are not taken as merely adverse 
ecritcism but as an intended help, for all concerned, both man- 
facturer and user will be benefited. 


The Physical Nature of the Electrical Breakdown of 
Solid Dielectrics 
BY KARL WILLY WAGNER 


Telegraphen-Technisches Reichsant, Berlin 


\\ 7 HILE the physical phenomena in connection 
with the electrical rupture of gaseous insulators 

have been thoroughly investigated by J. J. 
Thomson, J. Stark, J. Townsend, J. B. Whitehead, 
F. W. Peek, Jr., and many others, the nature of the 
breakdown in solid and liquid insulating materials has 
up till now remained in complete obscurity. 

According to the prevailing opinion the rupture takes 
place at the moment when the density of the electrical 
field exceeds a certain limit at any point in the insulator. 
This is called the electrical strength of the material and 
is based on a reasoning analogous to that which gave 
rise to the theory of mechanical resistance against a 
breakdown. 

However, there are recorded observations about the 
rupture of insulating materials which one is unable to 
reconcile with the general opinion that the rupture 
takes place as soon as the electric field strength exceeds 
the critical point. I made such an observation during 
the year 1905, and as it made me at that time doubt the 
correctness of the existing theories I shall endeavor to 
discuss it here. 

Fig. 1 shows the cross-section of a concentric cable. 
A number of these cables, with various ratios of R to r, 
that is the ratio of the outside diameter of the insulation 
to the inside diameter, were measured for breakdown 
voltage. From this the maximum field density E, 
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existing along the radius r was calculated. The result 
was that as long as the ratio R:r did not exceed a 
certain limit, approximately 2, the maximum field 
density was equal to that which existed when rupture 
took place on flat plates of the same material, namely 
E = 10,000 volts per mm. For large values of 
R to r, however, the rupture took place after # had in- 
creased to about 15,000 volts per mm. 

Some one immediately suggested as an explanation 
that the inner layers of the insulation had been ruptured 
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after H had exceeded 10,000 volts, and that as a result 
the diameter of the conductor had in effect increased 
from r to r,, with a consequent decrease in the maxi- 
mum field density even while the tension remains the 
same.! 


In order to test this assumption a cable-section was 
subjected a certain length of time to a tension nearly 
reaching the limit, so that at least the inner part 
of the insulation from r to r:, was subjected during this 
period to a field density far in excess of the rupture 
limit. Then the paper insulation was unwound till 
the supposedly ruptured part from r tor, was reached. 
What remained of the cable section was then provided 
with a metal cylinder, and subjected to an electrical 
tension. The test showed it to be perfectly intact 
and it ruptured only at the normal limit, (10,000 volts 
per mm.). It was thereby proved that such a material 
can be subjected without disadvantage to an electrical 
field density far above the normal.?. This one and other 
tests show, therefore, that the analogy generally as- 
sumed between electrical and mechanical strength does 
not exist. Moreover I dare claim that this assumed 
analogy has not in the least promoted a clear under- 
standing of the electrical phenomena; on the contrary 
it has been an obstacle in the way of understanding 
the true nature of things. 


I observed during the numerous rupture tests which 
I conducted some years previously that the material 
prior to rupture heated up considerably in some places, 
while other parts remained comparatively cool, and 
that the rupture always took place at such a spot after 
it had become hot. If the current is interrupted before 
the rupture has taken place, and the heated spot is 
examined after cooling down, it is found that the electri- 
cal qualities of this spot do not differ materially from 
the spots which remained cooler. 


Why then does the rupture occur at the heated spot? 


It is a well known fact that the resistance of the 
insulation decreases rapidly with increasing tempera- 
ture. The hot spots therefore take up a larger current 
than the adjoining cooler spots, which are subjected to 
the same tension. It is evident that the hot places 
receive more energy than the cooler ones, with the result 
that the temperature difference further increases. It 
is easy from this to picture that at a certain tension an 


1. Similar experiments were undertaken later by M. Klein, 
BT. Z.. (1913 py S51. 

2. <A. Russel, in a paper in the Journat of the I. E. E., 
Vol. 40, 1907, p. 6 has developed a theory based upon the same 
assumption. 
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unbalanced condition takes place, and the hottest spot 
finally burns. 

This is my theory of the physical occurrences at 
electrical ruptures of solid insulators. 

It could be said that although this analysis is appar- 
ently simple, at first it seemed difficult to draw com- 
prehensive conclusions as to the occurrence of ruptures 
depending on various factors. However, this did prove 
possible, and I will show in the appendix how by making 
certain simple assumptions this proved to be the case. 

For the present time I wish to point out only the 
general lines of the theory and the most important 


A=spot with higher conductivity 
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conclusions drawn from it, and at the same time to 
show in just what manner I have endeavored to disclose 
the nature of the rupture phenomena by experiment. 
The work is not as yet concluded, but the data already 
obtained are sufficient to support the conception repre- 
sented in this paper. 

Take a plate P of insulating material (Fig. 2) pro- 
vided on both sides with electrodes. This plate will 
not possess the same electric conductivity all through its 
section, but on the contrary, due to the lack of hom- 
geneity in the material the conductivity will be higher 
in some places than others. Let A be such a place. 


n 
i 


Fig. 3 


Curve 1 may represent the original distribution of 
conductivity in the plate section. Subject the plate 
now to a certain potential, and a current will traverse 
the plate. The current density will be a little higher 
in A than elsewhere. The insulating plate is heated by 
the current, and to a larger degree in A than elsewhere. 
Now as the conductivity increases directly with increas- 
ing temperature, the conductivity distribution of the 
plate under electrical tension, will be represented by 
curve 2. Note the increase at A over curve 1. If, at 
the increased temperature at A, the heat conducted to 
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the surroundings of A is equal to the heat created in A, 
curve 2 will remain stable. If the opposite is true, then 
the curve will become still more pointed. This also 
may happen, (curve 2 representing a stable distribution) 
if the electrical tension V is increased (curve 3). Finally 
a condition occurs represented by curve 4, during 
which the created heat grows faster than the heat con- 
ducted to cooler parts, and the temperature grows more 
and more rapidly and similarly the conductivity, and 
the current, until the rupture takes place at A. 

The above leads to consideration of a thin thread of 
the insulating material. 

The initial resistance of the thread may be R. As 
long as the voltage V remains small, the heating ac- 
cording to Joules law remains small and the resistance 
constant. 

The current voltage characteristics (Fig. 3) are thus a 
straight line O T. With increasing tension the thread 
heats up and the resistance decreases, consequently the 
current increases more rapidly in proportion to the 
tension. Finally a point will be reached when the 
resistance decreases further, without a corresponding 
increase in the voltage. This is the rupture point and 
the voltage V,,,, is the breakdown voltage. 


useless 


useful 


Fig. 4 


It is easy to determine by experiment the character- 
istics up to point A. The portion above A represents 
the unstable condition, and this is passed at an immense 
speed and can therefore not be observed. : 

After I had made the above analysis, I was, of course, 
tempted to make an experimental test. At first I could 
see no possible way of determining the portion of the 
curve above A. Other work took up my time and 
interest and it was not until I began investigations on 
the nature of dielectric losses and their laws, that my 
attention was again directed to the rupture problem. 
Im 1914 when these investigations were concluded I 


-found time to experiment again with the rupture 


phenomena. 
I had previously tried to disclose the characteristics 
of the curve above A by means of connecting a high 


3. The theory of imperfect dielectrics, ‘‘Annalen der Physik, 
Vol. 40, 1913, p. 817. ‘‘Dielectrie Viscosity,’ EHlektrotechn. 
Zeitschr. 1913, p. 1279. ‘‘Explanation of the Dielectric After- 
Effect according to ‘‘Maxwell’s Theory,” Archiv. f. Elektro- 
technik, Vol. 2, 1914, p. 371. Dielectric properties of some 
insulating materials,” Archiv. f. Elektrotechnik, Vol. 3, 1914, 
p.1G7- 
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resistance in circuit with the plate of insulating material 
(Fig. 4, at the left.) 

I hoped that this resistance would perform in a man- 
ner similar to the stabilizing resistances of electric arcs, 
and thus allow an observation of the points of the curve 
above A. This, however, proved futile. 

Even when using very high resistances and corres- 
ponding high tensions V., it was impossible to reach 
beyond point A. Always a complete rupture took 
place, as soon as A was reached. 

The following explanation was found for this unexpec- 
ted result: 

The insulating body with its two metal electrodes 
forms a small plate condenser. 

At point A, where the insulating material begins to 
give way, an amount of energy 1/2 CV,” is stored in 
this condenser, C being the capacity of the condenser. 
This stored energy jumps at once at the weak spot and 
feeds during a short time a much stronger current than 
the ordinary source of current, could supply over the 
resistance. 

In other words the energy required for rupture 7. e., 
local burning, is supplied by the electrical field energy 
of the condenser. I found the following way out of 
this difficulty. 

The resistance should form part of the electrode it- 
self, 2. e., make the latter of poorly conducting material. 
The best material would be such as to lead the current 
only in one direction through the electrode that is in 
the direction of the arrow (Fig. 4, at the right). With 
such an electrode each thread of the material would be 
fed with current independently of all others through a 
constant resistance. 

The current supply of a weak thread, could not come 
from adjoining parts, as occurs with metallic electrodes 
just before rupture. 


The material which, most nearly meets the desired . 


specification, is wood although it is not quite perfect. 

Its conductivity across the grain is not zero, but it is 
considerably smaller than in the direction of the grain. 

By means of impregnation and the choice of suitable 
kinds of wood the required range of resistances can be 
procured. 

Thus, in the beginning of 1914, it was possible, after 
overcoming several experimental difficulties, to plot 
curves for the rupture characteristics of different kinds 
of paper, gutta percha and rubber. They showed the 
expected form of Fig.3. Unfortunately the experiments 
had to be discontinued when the war broke out and 
could not be resumed until 1919. Since then I have 
been graciously assisted by Messrs. Stahl, Kupfmuller, 
Mitzel, Dr. Dieterle and Ludwig in carrying out the 
experimental work. 

The method of recording the characteristics was as 
follows: 

The V J curves were taken with the arrangement 
shown in (Fig. 4, at the right) both with the wood 
electrode alone and with plate P inserted. 
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The difference of the tensions read for the same cur- 
rent in both cases is the tension of the insulating plate - 
P belonging to this current. 

As source of current we used partly a rectifier fed 
with 500 cycles alternating current, and partly an 
electrostatic induction machine. 

In order to avoid using too high tensions, V, the 
insulating material was tested in the form of thin plates 
(in some cases down toa few hundredths of a millimeter). 
The tests covered so far include different kinds of paper, 


af I 
lead glass | high melting glass 


Yn 70.5 kV 8.5 kV 
Z Tz 0.15 A 0.2 wh 
é 0.062 mm 0.075 mm 


oiled paper, paraffined paper, gutta percha, vulcanized 
rubber, cellon and similar materials, glass and mica. 

Due to lack of space, I can give only a short report 
of the tests. Therefore, I shall confine myself to a 
description of the most important results in general. 

In Fig. 5 there are represented the breakdown charac- 
teristics of two different kinds of glass (lead glass and high- 
melting glass). Fig. 6 shows the characteristic of mica; 
Fig. 7, those of cellon (two plates of different thickness) ; 
Fig. 8, that of another product manufactured from 


je | 


Mica 
3 = 0.021 mm 
F= 9cm? 

Une ~12 kV 


Fig. 6 


cellulose. In the latter case, the wooden electrode had 
been covered with tinfoil. This experiment therefore 
relates to an arrangement as represented at the left of 
Fig. 4. According to the remarks formerly made, we 
observe the current suddenly increasing as soon as the 
breakdown voltage V,, is reached, while the tension 
diminishes to a small fraction. A hole burnt into the 
sample was found by inspection after the experiment. 

The following statement has been proved to be of 
general validity: ae 

The rupture voltage is in direct proportion to the thick- 


April 1922 


ness of the tested material and independent of the size of 
the plate. 

As an example, the data from a series of tests with 
gutta percha are shown in Fig. 9. 

Of course, the particular characteristics of different 
samples of the same material do not coincide exactly 
due to the lack of homogeneity of any dielectric, and 
therefore the preceding statement relates to the mean 
voltage obtained from a number of equal tests. 

When testing for ruptures with the usual metallic 
- electrodes, the rupture voltage, as we know, grows 


120 


= 
Vin= 5-88 kV CaneS 
Im= th «A 

5 = 0.051mm 


Cellon 


ini 7/ 


slower than proportional to the thickness of the plates. 
This results from the distortion of the dielectric field on 
the edges of the plates. On the other hand with the 
method herein described the edge effect has very little 
influence, because the current flowing at the edges is 
only a very small portion of the total current, plotted in 
the characteristic curve. 

If the characteristic curve of a transparent material 
is carried on to currents beyond the rupture point, and 
the material is inspected under a magnifying glass or a 
microscope, it is often found disturbed at a large number 
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of points and rendered dull. The characteristic ob- 
tained is therefore, the mean characteristic of all these 
“spoiled’’ paths. It may be understood that the 
material at these places has been spoiled by excessive 
current. When decreasing the tension from point B 
downward (Fig. 10, at the left), the curve 2 is obtained. 
This curve however, contains also the current of those 
paths, which were heated only and thus made better 
conductors, but not burnt. 

By waiting until the material has cooled off, and then 
again taking the characteristics, curve 3 is obtained. 
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On the other hand if the characteristic is taken for 
the first time up to a point B, below the maximum, and 
then down again, the two characteristics practically 
come together. (Fig. 10, at the right). The fact that 
they do not cover each other entirely, demonstrates that 
several particularly bad spots had already undergone 
damage during the rising curve. 

The characteristic shown in Fig. 11, relating to a thin 
sheet of vulcanized rubber may be taken as an example, 
representing the case just mentioned. 
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The hump on the characteristic curve of oiled paper 
(Fig. 12) is by no means due to an error in the test, but 
has been regularly observed with numerous tests with 
the said dielectric if the whole of the characteristic 
curve was passed in a short time. If, on the contrary, 
the characteristics were taken slowly the regular shape 
was obtained as represented by the dotted curve in 
Ric. 12. 

With most of the glasses the rising branch of the 
characteristic does coincide with the descending 
branch (see Fig. 5). In such cases the characteristic 


at 


B 
V 


Breakdown limit 
not reached 


passed 


Fie. 10 


curve may be passed several times up to points far 
beyond the rupture point without doing any damage 
to the dielectric. Part of the glass plates cracked when 
some point of the curve beyond the breakdown voltage 
was reached; that was obviously due to overheating of 
particular spots of the plates. 

As a result of the lack of homogeneity of the material, 
the rupture voltage determined as usual with metallic 
electrodes is evidently depending on the electrode area. 
Each rupture test only gives the rupture voltage of the 
worst spot of the tested sample. 


292 


If the same number of testsis made on small and large 
areas, the chances of finding bad spots in the latter case 
is greater; and consequently with large areas a lower 
mean value of rupture tension is arrived at. 

Geweeke & Krukowski‘ have proved the correctness 
of this assertion. They made »% times as many tests 
with small electrodes of area f as with large electrodes of 
area n X f; then they took from each series of n succes- 
sive tests with small areas the lowest rupture voltage. 
The mean value of all these minimum voltages was 
found equal to the mean value of all the rupture voltages 
with large areas. 
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I repeated these tests together with Mr. Stahl and 
found the same results. Mr. Stahl worked out a 
method of calculation, to determine the mean rupture 
voltage for any larger area from the distribution curve 
of the rupture voltages with small areas. Mr. Stahl’s 
method is based upon the calculation of probabilities, 
and his results were also found in conformity with the 
test results. With the wood electrode test the mean 
breakdown voltage is determined, and this, of course, 
is independent of the area of electrodes except perhaps 
for very small areas. 
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It appeared desirable to follow through mathemati- 
cally the thought that an insulating plate is ruptured 
by the overheating of the material caused by the current 
flowing through a weak spot. It could be hoped to find 


in this way certain relations which could be tested - 


experimentally. 
I do not wish to take up much of your time by pro- 
ducing here mathematical deductions,’ but shall 


4. Archiv. f. Elektrotechnik, Vol. 3, 1914, page 63. 
5. See the Appendix. 
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briefly give my considerations and the conclusions 
derived. 

If we increase the voltage slowly so that thermic 
equilibrium is maintained in the material, the electrical 
energy delivered to one fibre R J? must equal the amount 
of heat energy per second conducted from that fibre to 
the cooler surrounding parts of the material. 

If we know the relation of the resistance RF of the fibre 
to the temperature, we are able to calculate the charac- 
teristic current-potential curve of the fibre (V = func- 
tion of J) by means of the mentioned equilibration con- 
dition. 
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It is well known that the resistance of insulating 
material decreases rapidly with increasing temperature, 
and that we can easily express this relation through 
some exponential or other function of the temperature. 

With these and similar assumptions I have succeeded 
in calculating the characteristics of a material I. E., to 
determine the curve by means of the electrical and 
thermal constants of the material. 

It is remarkable that the result of these calculations 
and the considerations mentioned further on depend 


Breakdown time _ Rise of current 
Fie. 14 


very little on the specific assumption which has been 
made about the decrease of the resistance with increas- 
ing temperature. The shape of all these calculated 
characteristics conforms fairly well with the observed 
ones; and the theory is proved that the rupture voltage 
is proportional to the plate thickness. 

Insulating material subjected to alternating voltage is 
heated not only by the current, but also by the dielectric 
losses. These are approximately proportional to the 
frequency and the square of the tension. If we consider 
these dielectric losses in the heat equilibrium condition, 
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we find that the rupture voltage with alternating 
current must be smaller than with direct current. With 
low and medium frequencies it decreases in a linear 
function of the frequency (Fig. 18). This law was cor- 
roborated by our tests, which up to now covered fre- 
quencies from 0 to 500 cycles. 

Until now, it has been generally assumed that the 
maximum or peak value of the voltage curve would be 
responsible for the rupture. According to the over- 
heating and burning theory of rupture, it is the effective 
tension which might be expected to be mainly responsi- 


ble for the breakdown. There would exist, therefore, 
a very distinct difference between gaseous and solid 
dielectrics. This isahighly important conclusion of the 
theory, and it had to be borne out by test. By elimina- 
tion of parts of a sine wave, a tension curve with a low 
effective value but a high peak was generated. The 
effect of this tension on the insulating material was very 
approximately proportional to the effective value and 
the short-lived high peak could be a considerable multi- 
ple of the rupture voltage, without causing a rupture. 

Following these tests, we made tests with short single 
shocks, similar to those used by Mr. Peek in testing 


Fie. 16 


spark gaps. These shocks were created by a non-peri- 
odic condenser-discharge. In this case the effective 
Oo 


value of the impulse, f V dt apparently governs the 
0 


effect on the insulating material. These tests, how- 
ever, are not concluded as yet. 

If the tension exercised on a picce of insulating 
‘material is increased rapidly, the breakdown does not 
occur instantaneously, as soon as the rupture voltage is 
reached. We can, therefore, subject the material for a 
short time to a tension V, which exceeds the normal rup- 


ture tension without a rupture taking place. 
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For each voltage V, exceeding the breakdown voltage - 
we find a time t,,, which elapses before the rupture takes 
place. (Fig. 14, at the left). The retarding of the rup- 
ture comes from the fact that with each temperature 
increase, heat energy has to be stored in the insulating 
material. This of course requires time. 

The theoretical treatment of this problem showed the 
remarkable fact that the form of the curve (Fig. 14) does 
not depend on the kind of the tested material, if the 
scales of time and voltage are properly chosen. This 
means that the ratio of the heat capacity to the heat 


3( plate + thread) 
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conductivity of the material has to be taken as unit of 
time and the breakdown voltage as the unit of voltage. 

The current traversing the insulating material in- 
creases with the time as shown in Fig. 14, at the right. . 
This is another relation which may becalculated theoret- 
ically. 

An interesting conclusion of such calculation is that 
the increase of current in the beginning is proportional 
to the third power of the tension V, namely: tana = 
const. V*. The truth of this relation was proved by 
our tests. 

According to the common theory, 2. e. the so-called 


maximum electrical strength theory an insulating 
material exposed to a non-uniform electrical field should 
rupture as soon as the field—strength has passed a cer- 
tain limit anywhere within the dielectric. But this 
conclusion has proved to contradict experience in many 
eases and may also not be justified by the author’s 
theory. The dielectric is capable of withstanding an 
overstraining without damage, supposing that the less 
strained parts of the dielectric contained in the path of 
the current prevent the latter from increasing exces- 
sively. Rupture does not occur before the condition 
of the whole path of the current has. become unstable. 
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The conformity of all these theoretical conclusions to 
the observed tests, may, I believe, serve as a strong 
support, for the correctness of the idea that the elec- 
trical rupture of solid dielectrics is a phenomenon of 
overheating by current. 

By this explanation the breakdown phenomena, 
mysterious as they have been hitherto, are shown to be 
the consequence of well-known physical laws and at the 
same time are opened to numerical treatment. 


Appendix 
1. CALCULATION OF THE BREAKDOWN- 
CHARACTERISTICS 


As explained before, breakdown occurs as soon as the 
condition in a thread-shaped channel through the 
insulating material has become unstable. This idea, 
as represented by Fig. 2, leads to a numerical calcula- 
tion by the following assumptions. 

a. Only the resistance of the thread-shaped channel 
shall vary with the voltage while the resistance of the 


remainder of the dielectric is supposed to be independ- 
ent of the voltage variations. 

b. The resistance of the thread is a function of the 
temperature. The calculations are based upon the 
following resistance laws: 


) 


R= Ry e* (I) 
| ae erm ge es al (II) 
R= Bo( pepe) aD 


6 = temperature of the thread above that of the 
surrounding parts of the insulator; Ry) = resistance of 
the thread at the initial temperature (6 = 0), R = re- 
sistance of the thread at the temperature 0, a, JT’ = con- 
stants. 

By the Law I the resistance R decreases with in- 
creasing temperature according to an exponential 
function (Fig. 15, at the left), but does not vanish for 
any finite value of the temperature. 

By the resistance Law II, R vanishes at a finite 
temperature 7’, which may be called the burning tem- 
perature of the insulating material. According to the 
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value of the exponent a, the resistance decreases in a 
linear manner (a = 1), or with slackening (@ > 1), or 
with increasing speed (a < 1), see Fig. 15. 

According to Law III, the resistance decreases 
continuously with the temperature, the rate of diminu- 
tion being the larger the higher the exponent a is 
chosen (Fig. 15, at the right). 

For most of the dielectrics investigated until now, the 
resistance Law III seems to give the best approxima- 
tion to the actual variation of the resistance with the 
temperature. 

ec. If the voltage V be increased so slowly that the 
stationary condition is reached for any value of V, the 
power V J absorbed in the thread must be equal to the 
quantity of heat carried off to the surroundings. This 
quantity increases with the temperature @. If we 
suppose the heat to be carried mainly by conduction, 
the flow of heat will be in proportion to the temperature, 
and the condition of equilibrium is expressed by the 
equation 

Vi-= 568.0 (IV) 
GB being the coefficient of heat conduction. In the case 
that radiation of heat is to be taken into account, the 
flow of heat from the thread to the surroundings will 
increase with a higher power of the temperature, 
according to the equation 

ae So" 

: nw >? 

The following considerations are confined to the equa- 
tion (IV), the results obtained in this way being in suf- 
ficient agreement with the observed data. 

The equation of the V J—characteristics is obtained 
by eliminating the temperature 6 from (IV) with the 
aid of the resistance law. 

By Law I: 

1/R =1/V =1/R,e"" 
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 f(V, D Vee = 0 (1) 
The characteristics computed from (1) have the shape 
represented by Fig. 3. The breakdown voltage V,, 
and the corresponding current J,, are obtained from 


the maximum condition 


of 


O71 


in connection with the equation of the characteristic 
curve 
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8 and R, are both in direct proportion to the length 
of the thread, 7. e. to the thickness of the insulating 
material. Consequently the breakdown voltage Vm 
as in direct proportion to the thickness of the dielectric, 
and the current J,, is independent of the thickness. 


Supposing the resistance law II, we get 


1/a ate l/a 
1- 0/T = = (—>— 
/T = (R/Ri) = (+R) 
But from (IV) 6 = > and 
VI - 

V,J=1- aT = 
fWiD) ~(+e-) 0 (3a) 
(8a) is the equation of the characteristics. By a 


reasoning similar to that given above, we find 
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As before with the resistance law (I) V,, is in direct 
proportion to the thickness of the dielectric, while I,, 
is independent of it. 

With the special value a = 1 (linear decrease of 
resistance). 

Vi IOeR, PEs aD a (3c) 
With the resistance law IIT, the equation of the charac- 
teristic takes the form 


Ve Dee V (Oiiiodlods takoite Do L =0 (4a) 


By proceeding in the same way as before, we obtain 
the expressions 


a-l 
ey 
Vn = AV BT (4b) 
a/2 
Im a - ein a (Ac) 
ko ty | 


As a very remarkable fact we note that V,, and J,, are 
depending on the thickness of the dielectric, on the 
initial resistance and on the heat conduction coefficient 


WAGNER: BREAKDOWN OF SOLID DIELECTRICS 


295 


6 by the same functions as in the cases of the resistance 
Laws I and II. 

The special value a = 1 gives I,, = ~ and R,, = 0; 
the characteristic approaches asymptotically the value 
V., with increasing current. The values of a below 1 
are without physical meaning in the theory developed 
here, as they lead to imaginary values of V,,. 

As the three resistance laws I, II, III lead to quite 
similar results, we may imagine the existence of a 
general law 

Vm = constant VR, B, 
which is independent of the particular resistance law. 
That this assumption is true can be shown as follows. 
From (IV) we get 
ede fat aa 
Now R is a function of the temperature, and we may 
put 
R= hy ¢ (8) 
¢ being a function of 6 with the initial value ¢ (0) = 
and continuously decreasing with increasing tempera- 
ture (Fig. 16). 
From the preceding equations we obtain 


jy? 
6 ¢ (8) BR, 
Now the expression on the left side means the product 
of: the ordinates of the curve gy (@) and the straight 
line 6 and is represented by the curve shown in Fig. 16, 
having an apex.’ As the ordinate M of the apex does 
not depend on £ or Ro, we have 


Vn = /M BR, = const / B R,, 
q. e. d. 


By determinating the breakdown characteristics 
experimentally, the current I observed is composed 
of the current through the breakdown channel and the 
current through the remaining part of the dielectric. 
If we suppose, that there is only one breakdown chan- 
nel, 7. e. one thread, the resistance of which depends on 
the voltage, while the resistance of the remainder is 
constant, the characteristic of the whole dielectric may 
be plotted by the following construction (Fig. 17). 
The characteristic of the breakdown channel is given 
by the curve 1, and the characteristic of the healthy 
parts of the dielectric by the straight line 2, the charac- 
teristic 3 of the whole of the dielectric is found by 
adding the ordinates of the curves 1 and 2. 

If there are existing more than one weak channel 
the total characteristic is composed of the individual 
characteristics in a rather complicated manner. Fig. 
18 represents the conditions with two weak channels 
s, and s.. In series with each one we have the resist- 
ance 7. With the same total voltage H applied, the 
two channels take different currents J; and J, and in 


6. The existence of an apex is bound to the condition that, 
with @ increasing, ¢ decreases ultimately faster than 1/6 does, 
which condition is fulfilled in all practical cases. 
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consequence are stressed with different voltages V, 
and V2. But by the experimental determination of the 
characteristics the total current J, + I, is obtained as 
a function of a mean voltage, V, which is taken as the 
tension acting upon the weak threads. As the connec- 
tion of V to the V,; and V2 is not known, we may say 
nothing but that the total characteristic must be an 
intermediate curve between the individual charac- 
teristics. 


2. DEFENDENCE OF THE BREAKDOWN VOLTAGE ON 
THE FREQUENCY 


In the preceding considerations the weak thread is 
supposed to be heated only by the current according 
to Joule’s law. “With alternating voltages an additional 
heating occurs by dielectric losses. These are in direct 
proportion to the frequency of the current and to the 
square of the tension. The power produced in a thread 
of the capacity C amounts to 


N= 0 CV? cos o.=. Go V2, 


w being the circular frequency, cos g the power factor 
of the dielectric and G the dielectric leakance of the 
thread, G = wCcosg. In order to simplify the 
corrections in the preceding considerations required by 
the dielectric losses, we shall suppose the dielectric 
power factor to be independent of the temperature. In 
consequence G is a constant quantity for any given 
frequency. 

The combined resistance, composed of the variable 
ohmic resistance R of the thread and the leakance G 
has the value 

oe yews 5 6 R 
eG 1+ RG 


R determines the proportion V/I, V being the voltage 
acting on the thread and J the component of the total 
current being in phase with V’. I is the sum of the 
ohmic current V/R and the leakage current GV. 
In the equation. 


bsinrtiahs 
1+RG 


the resistance law (either I, or II, or III) has to be 
introduced, the temperature 6 being determined ac- 
cording to (IV) by the power V J and the heat conduc- 
tion coefficient 8. 

With the resistance Law I, we get 


V/I = 


oe uty 
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ViD=V-+VGRe?’ {TRe? \=0 
(7) 


7. The capacitive component of the current does not contri- 
bute to the heating of the thread and may therefore be left out 
of consideration. 
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This is the equation of the characteristic. If we apply 
the maximum condition 
oe pale recta 
row 2 = 0, for V = View L= dee, 
ie = B/a Nh Voew st: G Vt (8) 


The expression at the right of (8) has to be introduced 
into (7) in order to eliminate J,,. This done the factor 


a 
= 1/ eek rites 
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appears. At tensions of the order of V,, the power 
absorbed by dielectric losses comes only to a small 
fraction of the power absorbed according to Joule’s law. 
Therefore the exponent « = a/6GYV,2 is small as 
compared with unity, and in consequence 


=1-2 
holds very approximately, 1. e.: 


= Vinal: 2 
e 8 = 1/e(l1—a/BGV,.) (9) 
With (8), (9) and (7): 
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Only the root with the negative sign has a’ physical 
meaning as it gives for G = 0 the correct value of V,, 
according to equation (2), while the root with the posi- 
tive sign leads to V,, = © forG = 0. Therefore 


= eB (1 + Ro G/e) [ 1 


es 2aG Ro 
=) Ap Oe a 6G he. 
@(1+R,G/e? J 
With G small, as supposed, the root may be expanded 
according to the binomial formula, and nothing but the 


first term of the expansion need to be retained. By this 
procedure we get the final expression 


V 


GRy > 
wee 
The first term on the right is the breakdown voltage 
with G = o (see equation 2), 7. e. for direct current. 
The second term shows the decrease of the breakdown 
voltage with increasing frequency. In particular it 
is seen from (10) that V,, is a linear function of the 
frequency’, as the same is true for G. 

If we start from the resistance Law II or III, the 
same procedure as before may be followed. The mathe- 


i pipe eR oh 
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8. Of course the linear law holds only for low frequencies, 
for which G is small, as supposed. 
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matical derivations being of rather little interest 
only the results are given here. 


Resistance law II, a =1: 
Vn =1/2/ BRT (1-22) (11) 
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As before with the Law I, we find a linear decrease 
of the breakdown voltage with increasing frequency, caused 
by the dielectric losses (see Fig. 13). 


3. INFLUENCE OF TIME ON THE BREAKDOWN 
PHENOMENA 


According to the hypothesis (c) in part (1), we have 
assumed the voltage to be varied so slowly, that a 
stationary condition is reached for any value V of the 
voltage. This assumption shall be abandoned now. 
As an example we shall consider the case of a voltage 
V larger than the breakdown voltage V,, being sud- 
denly applied to the dielectric at a certain moment 
t =o. We know from experience that the current 
passing through the dielectric increases continually 
(see Fig. 14, at the right) until the dielectric breaks 
down. The time t,, elapsed from the beginning of the 
phenomenon is obviously the shorter, the larger the 
voltage V has been chosen in proportion to V,,. 

At any time between o and t,, the power V I respect- 
ively V?/R absorbed from the thread in which the 
rupture shall occur has to cover the flow of heat to the 
surroundings and the amount of heat stored up in the 
material forming the thread. 

As the flow of heat equals 6 6 and the amount of 


dé yi 
dasset Oa: 
ing the heat—capacity of the thread, the law of con- 
servation of energy takes the form 


heat stored up per second is éxpressed by k —— 


go+k oe = vyR (I) 
R is a function of temperature, as per example, given 
by (J), (ID or (III). 

Before we base further calculations upon one of the 


particular resistance Laws I, II or III, a general 
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theorem shall be deduced, which is independent of the 
assumption of any special resistance law. 


By differentiating Ohm’s equation I = V/R we get 
Ce es ate oe (14) 
Oe gee al eth 


From this expression we may calculate the initial 
gradient of current, 7. e. the slope of the tangent on the 
curve at the right of Fig. 14 att = 0. In this point we 
have @=o0 and therefore, from (VI) 


, 24 


ae Tae tise 


(15) 
The coefficient of resistance—variation with tempera- 


dR 
ture ( zs oe) has, for 6=0, a certain positive value, 


say ¢. 
With these terms we get 
dl ed Bay : 
ae oa a ora owe 
In words: The initial current gradient 1s in proportion 


to the third power of the voltage applied. 
By using the resistance Law I, we get from (VI) the 
differential equation 


dé 


BO+k—- = V/Roe™ (17) 

We may separate the variables in (17) and then 
integrate both sides: 

t=k f (18) 


Vii Robina o 


From (18) the time ¢ that elapses until a certain tem- 
perature 6 in the thread is reached may be numerically 
computed without difficulty. With @ the resistance R 
is obtained from (1); R gives ] = V/R. In this way 
the curve at the right of Fig. 14 can be gto A eel 
calculated. 

The breakdown time t,, follows from (18) by putting 
Ors er 


(19). 
eel Ry e 
Write (19) injthe form 


aa ue (i 


: ie 
(ee , oR, : 


a6 
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and develop the denominator according to the formula 
of the geometrical series 


Losi pete pat ee 
tn = k/B { ro; (eee by 
o ; 2 2a 
+ 0( Ee 20, ereiey 30.4 


By the application of Euler’s well-known Integral we get 


BR, B Reade, 
ine k/8| ~ a FAA 3) 
higt pat 

elecer et Rats 


According to (2), we have 6 R)/ae=V,2. We 
introduce this term in the foregoing equation and obtain 
the final expression 


tr, = k/ B [e (Vm/V)? + 1! (e/2)? (Vn/V)* 

+ 2!(e/3)3 (Vn/V)o +... J (21) 
The expression within the brackets depends on (V,,,/V) 
exclusively and may be easily calculated as the series 
converges rapidly. (21) is represented by Fig. 14 at the 
left. 

A very remarkable result follows immediately from 
(21): If we plot Btn/k against V/Vm, we obtain the 
same curve from any kind of insulating material. In 
other words: The breakdown curve tp = f (V) for a cer- 
tain dielectric may be transferred into the curve for any 
other dielectric simply by changing the scale. 

The theorem just mentioned has been obtained by 
assuming the resistance Law I. But we shall find it 
true with each of the other resistance Laws II and III 
too. 

With the Law II the deductions shall be confined 
to the case a = 1, according to 


R.=Re\(1eyT) 


The calculations are omitted, as they do not show 
anything of interest; the result is 


2 arc sin (Vm/V) 
FB aA Veni hy te 
By (22) tn 8/k is, as before, a function of V/V» only. 
In the case of the resistance Law III we have 


BO+k-So = V2/Ry (1 + 0/TY 
We put, for abbreviation 


6/T (23a) 


and 


(23b) 
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By introducing these terms, separating the variables 
and integrating: 


ota ah 
m= k/B 
Abate: sna 


(23) 


By (48): 


a 
a 


Ass (Vinee eg es (23c) 
(a— 1)" 
Again we find, according-to (23) B tn 
sal function of the proportion V/Vm. 
For arbitrarily given values of a, the integral on the 
right of (23) can only numerically be computed. But 
for a = 2 it may be expressed by known functions: 
A 


bizaviofoB Janta | t/? 
1—1/2A 
Van it az | 
A= 4" 26 Ve 


/k to be a univer- 


— arc tan (23d) 


In Fig. 19 the relations given by equations (21), 
(22) and (23d) are represented for the purpose of 
comparison. Table I contains the numerical values 
within a larger range. 


TABLE I 
Bim/k 
ViVien Resistance Law: 
I il III 
1 00 a) ) 

abt! 5,805 4,625 9,26 
1,25 3,133 2,473 4,95 
1,43 2,055 1,520 3,12 
1,67 1,310 0,965 1,93 
2,00 0,823 0,604 1,21 
2,50 0,490 0,359 0,7186 
3,33 0,261 0,192 0,3844 
5,00 0,1115 0,0822 0,1642 

10,00 0,0274 0,0201 0,0403 


The values below III are very nearly twice as large 
as the corresponding values below II, while the values 
below I differ from those below II approximately by 
the factor 1.85. According to these relations, each of 
the 3 curves in Fig. 19 may be turned into the other one 
simply by changing the time-scale. In consequence it 
is impossible to decide only by breakdown trials which 
particular resistance law holds good. This would 
require an independent determination of the thermical 
constant k/ 8. 


With a proper time scale the theoretical curves repre- 
sent the observed data as well as might be expected if 
the heterogeneousness of the dielectrics and the cor- 
responding dissemination of the breakdown voltages 
are taken into account. 
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Discussion 

D. W. Roper: As I understood Dr. Wagner’s remarks, he 
says that practically all dielectric stress failures are dielectric 
loss failures. That is, the rupture of the insulation is preceded 
by a localized heating of the insulation due to the passage of the 
current through the insulation, and that occurs always, except in 
the ease of a very high voltage suddenly applied. 

There is one other point about which I would like to inquire. 
I understood him to state as one of his conclusions that the 
rupture voltage was proportional to the thickness of insulation. 
At that time he was discussing tests between plates. Does that 
also apply to the insulation in cables or in ease of a round econ- 
duetor? And if not, what is the law connecting. the rupture 
voltage to the thickness of insulation on a round conductor? 


R. E. Hellmund: We are certainly indebted to Dr. Wagner 
for the new idea regarding the cause of electric breakdowns. 
As he himself mentioned, there is hardly anything in the electric 
art about which we know as little as about the breakdown of 
solid materials. I surely hope that the various representatives 
of universities that are present will take up this subject and study 
it, so that we may obtain a better knowledge of insulation 
breakdowns. 


I might mention that Dr. J. C. Shrader made numerous tests 
in the Westinghouse Research Laboratory regarding the law 
between voltage and the currents flowing through the insulation. 
They practically agree with Dr. Wagner’s except that Dr. 
Shrader’s tests go only up to the point of breakdown. In all 
cases he gets a straight line and a bend just before the break- 
down. These tests have been made for a great many different 
materials and check out in all cases. It has been proposed to 
apply such curve tests carefully to electrical machines, in order 
to determine their breakdown point. That is, instead of going 
to the actual burn-out or breakdown, it is proposed to simply go 
to the bend in the curve and thus determine, approximately, the 
breakdown point, without destroying the machine insulation. 

K. W. Wagner: I made the experiment with cables and at 
that time I didn’t have much eare for the time taken for break- 
down. As I mentioned before, these experiments will be carried 
out later, and I will study the influence of the time on the break- 
down. 

This curve showing the time required for breakdown at a 
certain voltage is, as I mentioned, a tiniversal one. If we take 
both a unit of time and a unit of voltage, of course the shape of 
this eurve depends somewhat on the assumption made if the law 
governing the insulating resistance depends on the temperature. 
But it depends, in fact, on a very little proportion of this, and I 
made several assumptions on the dependence of the resistance 
on the temperature and exponential function and several others 
containing powers of the temperature, but all of these if the test- 
ing plates are put in give the same shape of the curve. 

On the question of the breakdown voltage depending on the 
thickness of the insulation of concentric cables or three coil a-c. 
cables, I am not able to answer that question at this time. My 
experiments on the thickness were only made for plates. 
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Charles P. Steinmetz (by letter): The pyro-electric 
theory of insulation failure described by Dr. Wagner is fully 
corroborated by the conclusions from Mr. Hayden’s and my 
investigations on insulation, and it therefore was of great interest 
to us to compare notes with Dr. Wagner during his visit. His 
ingenious method of carrying the volt-ampere characteristic of 
solid insulation beyond the so-called “breakdown point,’ by 
using wooden terminals, was new tous. We secured the required 
distributed current limitation by testing the sample between thin 
sheets of an insulation of higher dielectric strength and smaller 
temperature effect, such as mica, or by ecaleulation from the 
temperature resistance curves of the material taken at high 
voltage, or by using a filamentary thread of insulation. The 
last method has the advantage of giving the true voltage charac- 
teristic, while the other methods give only an average character- 
istic. It has however the disadvantage to be limited to those 
few insulators, which have a relatively low resistivity, such as the 
material of the Nernst lamp glower. 

In the mathematical appendix Dr. Wagner shows that, under 
certain conditions, the breakdown voltage is proportional to the 
thickness of the insulation, if the breakdown is a pyro-electric 
effect. This, however, doesnot mean that the breakdown cannot 
be a pyro-electrie effect, if the breakdown voltage is not propor- 
tional to the thickness of the dielectric, but, as commonly the 
case, increases at a slower rate. 

Dr. Wagner’s conclusions are based on the assumption of the 
“hot spot’’ as a filament connecting the terminal (Fig. 2 of his 
paper) and eonducting its heat away exclusively tangentially, 
into the dielectric, but not towards the terminals. With wooden 
terminals of low heat conductivity, this would be the ease. 

With metal terminals of good heat conductivity however, 
considerable heat conduction might occur also towards the termi- 
nals, especially if the hot spot is not filamentary, but its diameter 
of the same magnitude as the thickness of the dielectric, as would 
more probably be the case in a laminated dielectric. In such 
case, most of the heat may be conducted towards the terminals. 

Assuming therefore, as the extreme ease, that all the heat 
produced at the hot spot forming in the insulation, is conducted 
towards the terminals. Then by similar caleulation as those 
given by Dr. Wagner for the extreme case, we find that the 
breakdown voltage is proportional to the square root of the thickness 
of the dielectric. 

In general, heat will be conducted away transversely, towards 
the terminals, as well as tangentially, into the dielectric, and 
depending on the proportion of the heat conducted tangentially 
and heat conducted transversely, the breakdown voltage would 
vary with thé thickness somewhere between the first power and 
the square root. 

In coneluding, I wish to say that the pyro-electric theory of 
insulation breakdown does not mean that the effeet and the 
importance of dielectric hysteresis and ozonization losses, with 
alternating voltage, are overlooked. The conductivity of the 
insulation, which progressively increases by the temperature 
rise at the hot spot, must be understood as the effective conduc- 
tivity, ineluding the dieleetrie hysteresis, ozonization effect, ete. 
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Review of the Subject.—This paper is intended to assist 
crane designers and electrical engineers in mills and factories to 
select the proper size and kind of motor by mathematical calculation 
from given data, and refers particularly to the electric overhead 
traveling crane. The paper does not apply to heavy duty cranes 
which undergo regular duty cycles, nor to very small hoists such as 
the monorail hoist. It is hoped that at some future date someone 
else will write papers on these two kinds of cranes to supplement 
this paper. 

Cranes are classified here for purposes of reference within 
the paper. It is then shown how to calculate the power required 
of a motor for hoisting and how to select the particular kind of motor 
needed; the same information is given for bridge travel with par- 
ticular reference to the live loads or accelerating loads, and also 
for trolley travel. ; 

The paper discusses direct-current motors separately from al- 
ternating-current motors. The calculations for each are also given 
separately. f 

This is the first of a series of papers covering the field of applica- 
tions of electrical equipment. This paper is on application of 
motors to cranes. One will follow by Mr. H. W. Eastwood on 
auxiliary electrical equipment such as magnetic friction brakes, 


overload protective panels, and limit switches. To complete the 
series it is planned to have the third paper on the subject of controller 
equipment. 


CONTENTS 
Classification of Cranes 
Class 1, Standby or Service Cranes. (75 w.) 
Class 2, Machine-Shop and Foundry Cranes. (75 w.) 
Class 3, High Duty Cranes. (50 w.) 
Class 3-A, Magnet Cranes. 
Class 4, Soaking Pit, Charging and Stripper Cranes. (30 w.) 
Class 5, Hot Metal Ladle Cranes. (50 w.) 


General Selection of Electrical Equipment. (25 w.) 
Calculation of Power for Hoisting. (800 w.) 
-Selection of D-C. Hoist Motors. (500 w.) 

Example of Selection of D-C. Hoist Motor. (150 w.) 
Selection of D-C. Bridge Motors. (25 w.) 
Calculation of Power for Bridge Motors. (1600 w.) 
Selection of Trolley Motion D-C. Motors. (50 w.) 
Calculation of Power for Trolley Motors. (100 w.) 
Selection of A-C. Polyphase Hoist Motors. (800 w.) 


Use of Permanent Resistance in the Rotor Winding of Slip-Ring Motors. 
(425 w.) 

Calculation of Power for A-C. Crane Hoist Motors. 

Selection of A-C.-Bridge Motion Motors. (30 w.) 

Calculation of Power for A-C. Bridge Motion Motors. 

Selection of A-C. Trolley Motors. (110 w.) 


(200 w.) 


(110 w.) 


N the selection of electrical apparatus for crane 

| drives, it is first necessary to consider the various 
classes of cranes. 
are enumerated below: 

Class 1. Stand-by or service cranes which are used 
in emergencies, and at rare intervals. A _ typical 
example is the power-house crane which is used during 
installation and thereafter only when repairs are made. 
The apparatus on such a crane should be simple and 
should be worked to the limit of its capacity. The 
control should be very accurate for placing large 
machines even when used by unskilled operators, as 
this kind of crane is so rarely used that there is no 
regularly trained operator for it. 

Class 2. Machine-shop and foundry cranes, which 
are always in service and moderately busy. The ap- 
paratus on them should he simple but not worked so 
nearly to the limit of its capacity as in Class 1. There 
is always a regular operator in attendance and, there- 
fore, the control apparatus does not necessarily have 
to be so accurate as in Class 1. In this same class 
belong loading cranes which serve storage yards where 
infrequent movement of the stock occurs. 

Class 3. High-duty cranes such as are used for 
moving material in steel mills and for loading material 
into cars from storage yards where stock is frequently 
moved. On these cranes very strong apparatus is 
required, and complications are warranted to some 
extent in order to secure long life of the apparatus. 
All apparatus should be very conservatively rated. 


For reference later, these classes 
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Class 3A. Magnet Cranes. On these cranes the 
hoist motion must be especially chosen so as to stand 
two times normal load because sometimes two times 
normal load sticks to the magnet for an instant while 
it is separating bars from their neighbors. The bridge 
and trolley motions must be chosen for frequent round 
trips, probably 60 trips an hour. 

Class 4. Soaking pit, charging and stripper cranes. 
On these cranes fire-resisting insulation is required 
on motors, and apparatus should be designed to be 
mechanically strong, conservative in size and excep- 
tionally safe in operation. 

Class 5. Hot metal ladle cranes. These cranes 
should have fire-resisting insulation and should be 
extremely conservatively designed. 

This article will not discuss various small foundry 
jib cranes and others of this same kind which are oper- 
ated by a man on the floor rather than by an operator 
who rides with the crane. 

General Selection of Electrical Equipment. To assist 
in selecting the general type and arrangement of elec- 
trical equipment, Table I has been compiled, in which 
all the various features to be considered are pointed 
out. 


Calculation of Power for Hoisting. The horse power 
of the lifting motor depends upon the work done on 
the load, and the power absorbed in the resulting 
friction of the gearing, journals and pulleys. This 
quantity varies to some extent with the number of 
reductions and the type of gearing. The efficiency 
of a erane is generally lowest at the test, improving 
somewhat as the journals and teeth wear down, 
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The efficiency of the first or motor reduction with well- 
made machine-cut spur gears, running in an oil-bath, 
has been found by trial to be as high as 97 per cent, 
and may be taken at 95 per cent under ordinary prac- 
tical conditions. The average efficiency of one re- 
duction of cut spur gears, running dry, is 92 or 93 per 
cent, and of cast spur gears, running dry, 90 per cent. 
The loss due to journal friction is generally about 2 
~ per cent for each axle, when properly lubricated. The 
only other loss in efficiency of any importance is in the 
snatch block, if there is one fitted to the crane. This 
quantity is always reduced by using large pulleys and, 
preferably, small hardened pins, the pulleys being 
bushed with gun-metal, under which condition the 
efficiency works out to about 97 per cent. 


Wwxs 
33,000 X ¢ (1) 


where h. p. = horse power to hoist at full speed. 
(All starting resistance short-circuited) 


Hh, Da= 


(2) 

W =weight of suspended load in pounds 
including tackles (3) 

S = speed of hook in feet per minute (4) 


® 


= necessary factor to allow for friction 
losses in the crane (5) 
The value of e varies from 0.25 on low-speed (10 ft. 
per minute) cranes which use worm gears, to 0.70 for 
high-speed (75 ft. per minute) cranes which use good 
cut gears. The over-all mechanical efficiency of a 
crane can be determined, if the number of reductions 
and the other particulars are known. Small high- 
speed cranes have a higher efficiency than larger ones, 
owing to there being less gearing; thus, in the case of a 
trolley lifting three tons on a single rope and having 
two reductions of machine-cut gearing, the first of 
which runs in oil, the over-all efficiency will be about: 


95 X 92 X 98 XK 98 
100 


As another example, take a 50-ton trolley having 
four reductions, the first three of which are machine- 
eut, the motor reduction running in oil. Then the 
over-all efficiency will be about: 


95 X 938 X 98 X 90 X 984 X 97 
100 


= 84 per cent. 


= 66 per cent. 


pe 5250 X h. p. 6) 
tr. Dore 
T = Torque on motor shaft required to 
hoist as in (1) expressed in pounds at 
one foot radius (7) 
_T. p.m. = Speed of motor shaft in revolutions 
per minute with all resistance cut 
out of the circuit (8) 
(This corresponds to S in (4) ) 
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T, = T X e if no friction brake is used for 
lowering (9) 

where 
T, = braking torque in pounds at one foot 


radius required to lower the weight 
W (10) 

The torque to hoist an empty hook or drive it down 
is about 5 to 30 per cent of the torque required to 
hoist maximum rated load of the crane. This is due 
entirely to crane friction. 

In addition to the work of hoisting (1) there is 
the work of accelerating. Most of this work, on cranes 
lifting at less than 150 ft. per min., is expended on 
the motor armature and brake wheel. An approxi- 
mate rule is to assume that the horse power input to 
accelerate an armature and brake wheel to full speed 
in one second is equal to the 30-minute horse power 


rating of the motor for alternating-current induction 


motors (11); and is equal to one-half the 30-minute 
horse power rating of the motor for series-wound 
direct-current motors (12). 

A more exact rule is to obtain from the motor manu- 
facturers the weight and radius of gyration of the 


armature. Then, horse power input to start = 
M SX t.p-m2Z 
Tee TOA en (13) 
1,612,800 x t 
where 
M is given in (19) 
r. p.m. = speed of motor shaft as in (8) 
t = seconds used in acceleration 
(usually not over 2 sec.) (16) 


Selection of D-C. Hoist Motors.. The general re- 
quirements are that the motor shall be enclosed to 
protect its commutator from dirt, that it shall be as 
light and easy to start as is consistent with necessary 
mechanical strength, that it shall be accessible and its 
parts easily replaceable. The power requirements are 
for.a large torque sustained for only a short time— 
therefore an especially designed motor for crane service 
is needed. It differs from a motor which is used fér 
continuous drive in that it requires the mechanical 
strength of a large motor, the commutating capacity 
of a large motor, but needs to have only the active 
electrical material of a small motor. The smaller the 
active electrical material and the closer it can be located 
to the armature shaft, the better the motor, because 
of the lightness and small flywheel effect which are 
advantageous for a motor that starts frequently and 
quickly. 

Manufacturers of crane motors have given especial 
attention to the question of commutation either by 
using large brush area and narrow commutator bars 
with many windings or by using commutating poles. 

When required to meet the modern requirements of 
dynamic braking control, the motor must be stable and 
have good commutation when separately excited and 
when run at a high speed delivering about 50 per cent 
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of the rated torque; and it must show equally good 
commutation in either direction of rotation without 
shifting the brushes. 

It is advantageous for these motors to have split 
frames, easily accessible connection cables and brushes, 
so that the motor can be readily dismantled and re- 
paired in a small cramped space in the quickest possible 
time. 

To select the proper size of motor for crane hoist, 
determine (a) the maximum horse power to be delivered 
by the motor, and (b) the usual horse power. The 
horse power value obtained by adding h. p. (1) for a 
maximum load to h. p. (13) (or, for approximate results 
to h. p. (11) or (12) ) should always be less than the 
motor’s commutating limits. This may be the five- 
minute rating of the motor if commutating poles are 
used. By formula (1) the horse power delivered under 
usual operating conditions should be determined. 
This usual value of horse power determines the ordi- 
nary rating of the motor and it should be: 

For Class 1 cranes, the 15-minute rating of the motor. 

For Class 2 cranes, the 15- or 30-minute rating of 
the motor. 

For Class 3 cranes, the 60- or 90-minute rating of the 
motor. 

For Class 3A cranes, the 90-minute rating of the 
motor (because of the uncertainty of the load when the 
magnet attracts too large a piece). 

For Class 4 cranes, the 60- or 90-minute rating of the 
motor. 

For Class 5 cranes, the 30-minute rating of the motor. 

On large cranes of Class 5, it is customary to use two 
hoist motors, each of which alone can hoist the total 
load without exceeding its commutating limits. This 
excess capacity is warranted on account of the great 
value of the metal and the necessity of hoisting the 
load even if one motor is broken down. 

Example of Selection of Direct-Current Hoist Motors. 
Take a crane which usually hoists 10,000 (W) lb. at 
20 (S) feet per minute and which has gear efficiency 
(@) of 0.55. Take the extreme load to be 15,000 lb. 
Substitute in (1). 


10,000 x 20 
33,000 « 0.55 


Let ¢t in (16) be 2 seconds 


hee = 11h. p. to hoist usual load. 


Then by pr(d2) = 2 1b, 


2X2 


When the motor has to hoist 15,000 lb. occasionally 
this wil! require approximately 
15,200 
10,000 
Therefore, the usual horse power required will be 


11 and on extreme loads (16.5 + 2.75 = 19.25). 
Choose a motor which will start at 19.25h.p. and 


x 11 = 16.5h.p. 
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whose 15-, 30-, 60- or 90-minute rating, according to 
class of crane, is 11h. p. 


Approximate Rule. An approximate rule is as 
follows: 


Tons to be hoisted & ft. per min. 
10 
= 30-min. rating of motor. 


Selection of D-C. Bridge Motors. The general 
characteristics of these motors should be the same 
as those described for hoist motors. They should he 
series wound, totally enclosed and have good commuta- 
ting characteristics, ete. 


Calculation of Power for Bridge Motors. Rolling 
friction is caused by axle friction and wheel friction. 
With good lubrication, axle friction in pounds 


_ 0.10 X (axle radius in inches) x (load in pounds) 
Radius of wheel in inches 


With good track, wheel friction in pounds 
0.002 x (load in pounds) 


Radius of wheel in inches 


The cross shaft runs in several bearings and its 
efficiency may be around 95 per cent. 
The efficiencies of the gears will be as defined above 
for hoist motions. 
The work done by the bridge motor consists of three 
parts; first, overcoming track resistance and journal 
friction—sometimes, together, called rolling friction; 
second, accelerating the crane with load; third, 
accelerating the motor armature and brake wheel. 
The first and second items of work above are done 
through a train of gears and involve gear losses. In 
the majority of busy cranes, the rolling friction is a 
small part of the total work and acceleration is the 
main work. Usually a draw-bar pull of from 20 to 30 
lb. per ton will move a well made crane along a good 
level track. A new stiff crane or a poor track may 
require 50 or 60 lb. per ton. Acceleration of the crane 
and armature may require anywhere from 50 to 300 
Ib. per ton draw-bar pull, depending on circumstances. 
Actual tests show that rolling friction may, for 
different cranes and tracks, vary anywhere from 5 to 
50 pounds per ton. However, when a building sags, 
the draw-bar pull to move a crane may be almost any 
value and there is no use of trying to calculate it. 
Let C = Weight of crane without load in pounds (17) 
W = Weight of suspended load in pounds (includ- 
ing tackle) (3) 
N= Revolutions of motor armature which cor- 
respond to one foot travel of the bridge 
along the track (18) 

r. p. m. of motor 


in other words N = 
f. p. m. of crane 
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M = The effective weight of the armature and 
brake wheel plus an allowance of 5 per 
cent for gears, expressed in pounds at one 
foot radius on the armature shaft, 7. e. 
the flywheel effect (19) 


Efficiency of gearing expressed in per cent 
100 


(20) 


D = Rolling friction in pounds per ton (21) 
V = Free running speed in feet per minute when 
fully loaded crane is completely accelerated 
22 
The easiest way to choose the proper motor is ih 
and try. Gear ratio is of vital importance and must be 
selected to conform to the speed-torque characteristics 
of the motor. 
First determine: 
Horse power to propel loaded crane 


CW. 
VXDX~<s000 


‘$7203, 0005 Sc’e 


(23) 


As a first trial- select a motor whose 30-minute 
rating is about 30 to 50 per cent above horse power in 
(23). Determine from the motor manufacturer’s 
speed-horse-power curve the speed of the motor when 
delivering horse power in (23). Then determine N 
in (18). 

Next determine whether the assumed motor with the 
assumed gear ratio can accelerate the loaded crane and 
also the empty crane as rapidly as desired or needed, 
without exceeding the commutating limits of the motor. 
The rate of acceleration of empty crane will never need 
to exceed three feet per second per second; and of a 
loaded crane two feet per second per second. 


Let F = torque in lb. at one foot radius at motor 
shaft corresponding to horse power in (23). 


Then - x F = torque at motor shaft to 


C 

C+W 

propel empty crane. 

Let A = maximum torque which motor is recom- 
mended (by manufacturer) to exert during 
starting. Commutation and strength will 
be the limitations rather than heating. 

Rate of acceleration in feet per second per second 


which the empty crane can attain without torque 
exceeding A 


C 
en ee Seen 
= 82,2 —, a aa (24) 
EIEN SY 
27Ne 


Rate of acceleration in feet per second per second which 
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loaded crane (load being rigid) can attain without 
torque exceeding A 


AF 

BS.) (25) 
C+W +257NM 
2a7Ne 


It is interesting to note that when the load is hung 
from the crane by a flexible rope, the motor does not 
have to start the load as soon as the crane starts. This 
relieves the motor somewhat. At the first instant of 
starting, the motor has to overcome rolling friction of 
total weight of crane and load, and it has to accelerate 
the crane and armature. As the crane moves away 
from the load, the load begins to accelerate at a rate 
far below that of the crane and finally when the crane 
has moved far enough away from the load, the load is 
accelerated as rapidly as the crane. 

Rate of acceleration in feet per second per second 
which loaded crane attains at instant crane starts to 
move (before suspended load begins to move), without 
torque exceeding A 


Oy jet ot oe Dara ia helen Sial 


C 
dena Ol won 
Sea ater 


There are four things which tend to limit the rate 
of acceleration of a bridge motor: 


(26) 


1. Automatic magnetic control can absolutely limit 
it. 

2. Slipping of wheels can practically limit it. 

3. Swinging of load can limit it in some cases. 

4. Comfort of operator may limit it. 


When automatic magnetic control is used, the 
current-limit devices may be set to a value of current 
just sufficient to start the crane under the severest 
working conditions, and if the current is within the 
working limits of the motor no trouble need be expected 
on the crane. Of course, troublé can arise if the con- 
troller fails to function properly or if the operator 
“speeds up” the crane by setting the relays for higher 
current. To safeguard against this last difficulty, it 
is, of course, necessary to select a motor large enough 
to make all the speed actually needed. An average 
acceleration of something like 1 to 11% ft. per sec. per 
sec. will be fast enough for cranes which travel at less 
than 500 ft. per min. or make infrequent starts. Cranes 
which make regular frequent trips of 50 or 60 ft. every 
minute or so may need an average acceleration of 2 to 
214ft. per second per second. Cranes which do 
“stunts” with swinging loads like some bucket cranes, 
which swing a bucket into a hopper, or hot metal 
ladle cranes, may need even 3 feet per second per second 
peak acceleration. 

When a motor is powerful enough to slip the wheels 
under full load without exceeding the working limits. 
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of the motor, it is out of danger. A simple calculation! 
shows that if one-fourth of the wheels are driven and 
if these wheels carry one-fourth of the total weight, 
an acceleration peak of 2 ft. per second per second will 
just about slip the wheels. Of course, the average 
acceleration will be less than the peak and will depend 
on the number of controller steps.2 If one-half the 
wheels are driven, the rates of acceleration could be 
double the above values. Of course, it is possible for 
a vicious operator to turn his controller on so rapidly 
after the wheels slip, that the power required to spin 
the wheels and accelerate the armature will exceed the 
motor limits; but this is hardly to be expected. Where 
it is possible for a crane to do its work with only one- 
fourth of the-wheels driven, this drive makes a very 
practical way of protecting the motor, but where one- 
half of the wheels must be driven, the motor is not so 
protected from overload. 


Cranes are frequently used for dragging cars and 
consequently the bridge motors must be large enough to 
do extra work, when so used. This problem would be 
something like an electric locomotive problem and will 
not be discussed in this paper. 

Usually when an enclosed crane bridge motor is 
properly chosen so far as torque and strength are con- 
cerned, it is big enough so far as heating is concerned; 
but this is not necessarily true on rapid-duty cranes. 
If the crane is running with power on the motor, more 
than 35 seconds in 100 seconds continuously for 5 hours 
at a time, heating is liable to be a limitation and the 
motor manufacturer should be consulted or past experi- 
ence with similar work should be used. 


Selection of Trolley-Motion, Direct-Current Motors. 
The type of motor should be the same as for 
hoist and bridge motions and since this motor is 
“plugged” (or reversed by power when running at 
high speed frequently) its commutation must be good 
at double speed and 150 per cent current. Its commu- 
tator and windings must be insulated for at least 
double normal voltage. 


Calculation of Power for Trolley Motors. 
Let B = weight of trolley carriage less load (27) 
V = free running speed in feet per minute when 
fully loaded trolley is completely accel- 
erated (28) 


1. Assume a coefficient of friction between the wheels and 
the rail of 25 per cent. Then the available draw-bar pull from 
one-fourth of the wheels will be 25/4 or 6.25 per cent of the weight 
of the crane. Gravity (or the total weight of the crane) will 
accelerate the crane at 32.2 ft. per second per second—there- 
fore 6.25 per cent will accelerate it at 0.625 32.2 or 2 ft. per 
second per second. This calculation omits some niceties about 
rolling friction but they are relatively unimportant. 

2. Three blocks of accelerating resistors produce an average 
of approximately 72.5 per cent of the peak rate of acceleration; 
four blocks 78.5 per cent; six blocks 85 per cent; nine blocks 89 
per cent; and thirteen blocks 92.5 per cent. 
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Horse power to propel loaded trolley 


17} Spinerlsball 
KD A) 2000 


33,000 Xe (23) 
Choose a motor whose 30-minute rating is not less 
than horse power in (29). 


SELECTION OF ALTERNATING-CURRENT POLYPHASE 
Hoist Motors 


For the usual factory crane an open-type motor 
should be used. 

Where metal dust cinders, furnace fires, acid alkali 
and such unusual conditions are present, motors should 
be specially insulated and, in some cases, enclosed. 

For cement plants the bearings should be enclosed. 
It has seemed desirable to enclose also the collector 
rings but there is a considerable physical difficulty in 
enclosing collector rings on a motor which is equipped 
with a solenoid brake at one end and gearings at the 
other end. These difficulties, together with the in- 
accessibility of enclosed collector rings, have made 
it a better practical proposition to use open collector 
rings. It is necessary to clean out the brushes fre- 
quently in order to prevent them from sticking. 

The slip-ring wound-rotor induction motors are 
generally used where reduced-speed operation is needed. 
The single-speed squirrel-cage-rotor type of motor, 
with high-resistance rotor windings, is best suited to 
cranes which handle rough material where no reduced- 
speed operation is required and where size does not 
exceed 25 horse power. Under this class would come 
ice hoists, lumber cranes at not over 50 or 75 ft. per 
minute, cranes for boxed or baled goods at not over 100 
feet per minute, machine shop cranes at not over 15 or 
20 feet per minute. The multi-speed motor with 
squirrel-cage rotor offers many possibilities where re- 
duced-speed operation is required, such as foundry 
hoists; but this type has not been generally exploited 
commercially. 

There are two important differences between the 
alternating-current and the direct-current, series-wound 
motor: (1) Power supply voltage and frequency must 
be maintained fairly uniform for the alternating-current 
motor because its maximum starting torque varies as 


the square of the voltage impressed, and inversely 


_as the square of the frequency. Voltage has, in practise, 


no effect on the maximum starting torque of a direct- 
current series-wound motor because starting torque is a 
function of current only and even if voltage is abnor- 
mally low the controller can be manipulated to give 
maximum current. It is therefore, necessary to choose 
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a motor whose maximum-minimum starting torque is, 
at least, twice and for squirrel-cage motors 2.5 or 3 
times the torque required for hoisting the maximum 
load. Consider, for example, a crane where power 
supply voltage is 90 per cent of rated motor voltage 
and where static friction is such as to add 25 per cent 
to hoisting torque at the instant of starting. Then if 
motor could exert 200 per cent normal torque at start- 
ing under normal voltage, it could exert 162 per cent 
of normal torque under 90 per cent voltage; and it 
would he called on to exert 125 per cent of normal torque. 
The difference between 125 per cent and 162 per cent 
represents the margin, and it is none too great. This 
margin is not sufficient for squirrel-cage motors be- 
cause if they stall they are almost sure to burn out the 
rotor. 


In order to make the same number of trips per day 
with an a-c. crane as with a d-c. crane, it is frequently 
necessary to gear the a-c. crane for a higher full-load 
hoisting-hook speed than would be used with d-c., 
and this means that the rating of the a-c. motor must 
be relatively greater than that of the d-c. motor. To 
explain, let us assume that a round trip consists of 
hoisting full load 20 feet, lowering it 20 feet, hoisting an 
empty hook 20 feet and lowering it 20 feet. If a d-c. 
motor were used and geared for 40 feet per minute 
full-load hoisting speed, it would hoist in 30 seconds, 
lower (where lowering speed is 190 per cent hoisting 
speed) in 16 seconds, hoist in about 15.5 seconds (where 
20 per cent hoisting torque corresponds to 195 per cent 
speed), lower in 20.5 seconds, making a total of 82 
seconds. An a-c. motor would have to be geared to 


8 
hoist full load in about 20.5 (= aaa) seconds in order 
to keep up with the d-c. motor because the a-c. motor 
can never run above its synchronous speed. This 
means that the a-c. motor would have to be 


30 
05 (= 1.46) times as large as the d-c. motor for 


the particular case illustrated. This ratio does not 
come as high as 1.46 for ordinary practical cases where 
there is a good deal of creeping speed work in the 
typical round trip of the crane hoist. However, in 
order to meet the requirements of an occasional ex- 


3. Maximum-minimum starting torque is a term which 
applies to slip-ring type, wound-rotor induction motors. With the 


external resistance which is connected to the rotor adjusted for’ 


obtaining the maximum starting torque, the currents are so 
nign as to set up a magnetic distortion between the poles of 
the stator and of the rotor. At some positions of the rotor, 
this distortion causes the torque to increase and at other posi- 
tions to decrease. Maximum-maximum starting torque means 
the torque when rotor is in most favorable position; Maximum- 
minimum, the most unfavorable. 
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tremely high load, an induction motor may have to 
be considerably larger than a d-c. motor because a 
d-c. motor can exert more overload torque. 


Use of Permanent Resistance in the Rotor Winding of 
Slip-Ring Motors. When manual control is used and 
service is severe and abusive, a permanent block of - 
resistance should be wired in series with the slip rings 
of the motor and should be of such value that the slip 
at full-load torque on the motor will be about 15 per 
cent after the controller has been turned to the “full on’”’ 
position. To accomplish this, the permanent resistance 
should contain about 10 per cent as many ohms as are 
required to give 100 per cent slip (or standstill) with 
full-load torque on the motor. This sounds like wasting 
power but power is only one of the small considerations 
in the operation of the crane. The following tabulation 
of performance values on a certain typical motor shows 
the advantage of permanent resistance: 


Heating when 
motor is stalled, 
expressed in per 

Max. stalling* Stalling amps. |Per cent slip when|cent of the heating 
torque in per cent} in percent of |motorisdelivering| when full-load 
of full-load torque full load full-load torque jcurrent is flowing 

175 484 5 2340 
265 419 10 1750 
290 360 15 1300 
286 311 20 960 
272 278 25 775 
255 250 30 625 
236 229 35 522 
220 208 40 434 


*These are maximum-maximum values; not maximum-minimum values. 


Operators seem to make a practise of turning these 
manual controllers on as fast as possible and it is best 
to plan that the controller will be full on before the 
motor starts. The above table shows that the most 
starting torque can be obtained when a resistor is 
set for 15 per cent slip and that there is a big saving 
in motor heating at this resistor setting. A careful 
study of practical operation from all angles will show 
that with this resistor setting more can be gotten out 
of the motor than with any other setting, and at less 
expense in the way of motor and control trouble. 

When magnetic control is used, no permanent resis- 
tance is necessary because current-limit relays prevent 
all of the resistance from being short-circuited while 
the motor is at standstill. 

When permanent rotor resistance is used, it is not 
necessary, in comparing an a-c. motor with a d-c. 
series motor, to make the full-load hoisting speed for 
alternating current’ as much higher than for direct 
current as was indicated in a foregoing paragraph. In 
the example used, the full-load lowering speed will be 
enough above synchronous speed to average up the 
lower full-load hoisting speed; and, consequently the 
full-load hoisting speed need be only 129 per cent above 
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full-load d-c. hoisting speed in order to make the round 
trip in 82 seconds. 


Calculation of Power for Alternating-Current Crane 
Hoist Motors. Calculate the hoisting horse power as 
per equation (1) and choose a motor whose 30-minute 
rating is equal to or greater than this value. Where 
the motor is to be started frequently, calculate starting 
horse power to start from equation (13), choose a motor 
such that horse power from (1) plus horse power from 
(13) does not exceed 150 per cent of the 30-minute 
rating. 

Sometimes, on very rough service, it is advantageous 
to connect a permanent resistor in the rotor. circuit of 
such value that speed under full load is about 85 per 
cent of the synchronous speed. When this is done 
the motor rating is reduced about 10 per cent and, there- 
fore, select the motor so that its 30-minute rating is 
110 per cent of the horse power in equation (1). Also 
it is, of course, necessary to gear the motor so that when 
running at 85 per cent of synchronous speed, the load 
will be hoisted at rated crane hook speed. 

Heating is not usually a limiting feature on open 
motors when motors are selected as above described 
except on bucket or similar cranes. When enclosed 
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motors are to be used, or buckets are to be handled, the 
duty should be referred to the manufacturer for selec- 
tion of the motor. 


Selection of Alternating-Current Bridge-M otion Motors. 
Wound-rotor motors with slip rings are best suited 
to this work. 


Motors should be open, enclosed or specially insu- 
lated to correspond with hoist motor. 
Permanent rotor resistance is generally advantageous. 


Calculation of Power for A-C. Bridge-Motion Motors. 
Try a motor such that the horse power to propel, in 
equation (23) does not exceed 75 per cent of the 30- 
minute rating. The maximum instantaneous torque 
during starting should not exceed 200 per cent of the 
full-load rated torque of the motor. Refer to equations 
(24), (25) and (26); substitute for A a value of torque 
in pounds at one foot radius which is not over twice 
full-load rated torque. Then see that a satisfactory 
rate of acceleration can be attained, cut and try until 
a suitable size of motor is obtained. On some high- 
speed cranes, horse power in equation (23) may have 
to be as low as 30 per cent of the 30-minute rating of 
the motor in order to obtain satisfactory acceleration 
without overloading the motor. 


TABLE I 


A KEY TO ASSIST IN THE SELECTION OF ELECTRICAL EQUIPMENT FOR CRANES 


Wound Rotor or 
Squirrel Cage 1-speed or 2-speed 
Voltage 
A-C. Frequency 
( Enclosed or Open, Insulation, No. of Phases 15 minute 
Mechanical Strength and Heating Basis 30 minute 
Motors Staunchness Max. Torque 60 minute 
Rating 
Accessibility for Repairs ( Max. Torque 
Series or Com- 
| D-O pound Wound . 
Voltage 15 minute 
| Heating Basis 30 minute 
60 minute pump 
( { No. of points vertical 
Straight Type of handle horizontal 
Reversible remote lever 
Electrical Drum Dynamic No. of hand control rope-wheel 
Equipment for + Braking points spring-return 
Oranes Controller No. of automatic control 
Straight points 
Magnetic Reversible Plugging Hand controlled 
Dynamic point Automatic 
Control Braking Creeping speed point 
Equipment Space requirements 
| Type of handle on master 
Heating 
Starting Torque 
Rheostat Plugging 
Creeping Speed 
Series or Shunt Wound disk 
Torque Requirements shoe 
Brakes Staunchness band 
Wearing Qualities coasting distance 
Overload 
No-voltage 
Protective Emergency Conditions 
Equipment Lock-out on Line Switch 
Individual Motor Switches inherent 
{ Overwind Protection extra-wire 


geared relay reset 
book-operated main-cireuit non-reset 
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Selection of Alternating-Currnet Trolley Motors. Use 
the same type of slip-ring motor as on hoist and bridge. 

Choose a motor such that the horse power in equation 
(29) does not exceed the 30-minute rating of the motor. 

On certain small trolleys which do not exceed 250 ft. 
per minute speed nor 5 h. p., it is possible to use a 
simple squirrel-cage motor with high-resistance rotor. 
Such a motor must have a starting torque at least twice 
the torque required to propel the maximum load as 
per equation (29). 
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Starting torque in pounds at one foot radius must 
at least = 


(horse power in (29)) x (full load r. p. m.) 


ites 5,250 


Special heating requirement must be met and special 
control precautions taken. 


Discussion 
For discussion of this paper see page 323. 


Auxiliary Electrical Kquipment for Motor-Operated 


Cranes 
BY H. W. EASTWOOD 


Associate, A. I. E. E. 
Cutler-Hammer Mfg. Co., Cleveland, O. 


Review of the Subject.—This is one of a series of papers on 
the selection of electrical apparatus for cranes and deals with the 
brakes, overload protective panels and limit switches. Other 
papers of the series cover the requirements as to motors and control. 

A magnetic friction brake is needed for every crane hoist, in 
addition to what may be provided in the way of dynamic braking 
or mechanical brakes, but its required characteristics are very 
definitely affected thereby. In selecting a magnetic brake the 
character of the service must be well understood, and the part that 
it plays therein, and it must possess an adequate energy dissipating 
capacity. A definite formula for such selection is given. 

The paper discusses the various service requirements and describes 
the several available types of magnet brakes and their particular 
fields of application. 

Limit switches, while occasionally employed to limit the travel of 
the trolley or bridge motions of a crane, are universally used to limit 
the upward travel of the hook block. Hoist limit switches may be 
geared to the machine or directly operated by the block. The former 
do not take into account the stretching of cablesand require complete 
readjustment when new cables are installed. Switches operated 
by the hook block are the surest. 

The paper describes the various forms of geared and direct- 


N addition to motors and controllers, modern cranes 
also require auxiliary electrical equipment, namely; 
magnetic friction brakes, overload protective panels 

and limit switches. 


D-C. MAGNETIC FRICTION BRAKES 


Every crane hoist requires a magnetic friction brake 
for the purpose of stopping and holding loads in sus- 
pension. If the crane is equipped with dynamic lower- 
ing control, a large part of the work of retardation is 
absorbed electrically, in the dynamic braking resistance. 
In the case of a crane equipped with a well-adjusted 
mechanical load brake, the magnetic brake is called 
upon to absorb only the energy of the rotating armature. 
In the case of a crane without either dynamic lowering 
control or mechanical load brake, the magnetic brake is 
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operated limit switches and points out their relative advantages. 
Considerations of safety often demand that the operation of the 
switch not only disconnects the motor but simultaneously closes 
a dynamic braking circuit for quick stop. 

The history is given of the evolution of the modern crane overload 
protective equipment and devices. Fuses and railway type circuit 
breakers have been tried, but wp-to-date equipment employs over- 
load relays in each motor circuit operating in conjunction with 
magnetic switches. In the interests of safety it is possible to cut off 
all power instantly by tripping a switch that causes the magnetic 
switches to open. Safety locks are provided that permit of locking 
the entire crane equipment against operation. 


The best results are secured by properly inspected time-element 
overload relays in each motor circuit and a common-return instan~ 
taneous relay. 


CONTENTS 
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called upon to absorb in friction and dissipate in heat, 
all of the stored energy in the moving load, gearing and 
armature. The amount of energy expressed in foot- 
pounds per minute or per hour which a brake of given 
type and size may safely dissipate without exceeding a 
reasonable rise in temperature, is a definite quantity. 
In selecting a brake for severe duty, the above factors 
should be considered in connection with the severest 
probable duty cycle, and a brake should be selected 
whose energy-dissipating capacity provides some mar- 
gin of safety above anticipated requirements. A 
failure to observe this simple precaution in the past 
has often resulted in serious trouble, especially with 
brakes of poor heat dissipating capacity. 

On a crane without mechanical load brake, the 
magnetic brake is the sole means of holding a load in 
suspension. It is, therefore, an important factor in 
the safe and efficient operation of the crane and care 
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must be exercised to select a brake having sufficient 
torque to hold, and, in case of emergency, to stop the 
heaviest load which the crane may be.called upon to 
handle. 
horse power, corresponding to the ratings of the motors 
with which they recommend their brakes to be used. 
The horse power rating has arisen from the fact that 
hoist brakes are usually, though not always, mounted 
on the armature shaft of the hoist motor, and from the 
fact that the coils for series-wound brakes must be 


designed on the basis of the motor rating. The torque’ 


rating of a brake is, of course, a perfectly definite 
quantity determined by actual test. The horse power 
rating is the calculated horse power which the brake 
would absorb when exerting its rated retarding torque 
at an assumed speed. The speed is determined by 
averaging the full-load rated speeds of various makes 
of hoist motors. As a guide to the approximate size of 
brake required, the horse power rating is, no doubt, 
useful but as a basis for the selection of a brake, it may 
prove positively dangerous. A calculation of the 
actual torque required to hold the maximum load in 
suspension should therefore be made and a brake whose 
torque rating is at least equal to this amount should be 
selected. This torque can be quickly calculated from 
the formula: 


LXDXE 
24 R 


where TJ = Torque in lb-ft. 

L = Maximum load in lb. 

D = Diameter of winding drum, in inches. 

E = Efficiency of gearing. 

R = Gear reduction including ropes, between 
load and the shaft on which the brake 
is mounted. 

Brakes selected in accordance with this plan will, 
in general have less torque than the motor in connection 
with which they are used; this is because of the fact 
that the inefficiency of the gearing is of assistance to 
the brake whereas it is a handicap to the motor. In 
order to provide a margin of safety it is therefore custom- 
ary to select a brake on the basis of motor torque. 
If the torque rating of the motor is not at hand, or if 
the brake is to be mounted on some shaft other than 
the armature shaft the torque can be calculated from 
the formula: 


T= 


T = 33000 x h.p. _ 5250h. p. 
2aN N 
where JZ = Torque in lb. ft. 


h. p. = Horse power rating of motor 
N = Rev. per min. of shaft to which brake 
is to be attached. 

As above stated the hoist brake is usually mounted 
on the armature shaft of the hoist motor. This is 
not universally the case, however, and not infrequently 
brakes are mounted on intermediate shafts. In the 
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case of ladle and hot metal cranes, for example; when 
dynamic lowering control is used, in view of the great 
responsibility imposed on the brakes, it is customary 
for safety reasons, to install brakes both on the armature 
and on intermediate shafts. Either of these brakes 
alone should be capable of stopping and holding the 
load. A brake on an intermediate shaft as compared 
with a brake on the armature shaft, in order to hold 
the same load, must develop a greater torque in propor- 
tion to the gear reduction. 

Intermediate shaft brakes are, not infrequently, too 
large, or of improper design for the real purpose they 
are intended to serve. By far the greater part of the 
stored energy in the system is in the rotating armature. 
If this energy is absorbed by a brake on the armature 
shaft, the only parts subjected to stress are the armature 
shaft and bearings, the motor supports and the brake 
itself. If this energy is suddenly absorbed by a brake 
on an intermediate shaft, this shaft, together with its 
bearings and the gearing, are also subjected to severe 
stresses. There is always some back lash in the gearing 
and in consequence, every time the intermediate shaft 
brake stops the armature, a hammer blow is delivered 
to the gearing and transmitted to the shafts and bear- 
ings. In one direction of rotation this hammer blow 
is delivered downward and in the other direction, up- 
ward, so that the mechanism is continually subjected 
to alternating stresses of great intensity. On ladle 
cranes this hammer blow is particularly noticable when 
hoisting without load, because in this event the motor 
operates considerably above normal speed. In various 
installations this effect has been so severe as to break 
bearing cap bolts, bend shafts, strip pinions and break 
motor feet. In all such cases, where two brakes are 
required it is a wise precaution to use a quick acting 
brake operated by a short stroke magnet, on the arma- 
ture shaft and a more sluggish brake, operated by a 
long stroke solenoid on the intermediate shaft. Since 
this trouble is most likely to occur in hoisting the light 
hook, it can be almost entirely eliminated by using a 
dead-end band brake as an intermediate shaft brake, as 
this type of brake is practically ineffective when the 
brake wheel rotates toward the anchored end of the 
band. 

The operating coil of a magnetic brake may be series 
wound, for connection in series with the motor, or 
shunt wound for direct connection to the power circuit 
in parallel with the motor, or compound wound, 7. e., 
having both shunt and series windings. Compound 
wound brakes are rarely used on electric cranes, though 
their use may be advisable in special applications in 
connection with compound wound motors, where the 
load may approach zero. Shunt brakes are sometimes 
used on standard crane hoists due to the preference 
of the individual user, but in general shunt brakes 
constitute an evil to be avoided where possible in crane 
service. If wound for full voltage their inductive 
effect makes them sluggish in action and destructive 
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to insulation. If wound for fractional voltage in order 
to reduce the inductive effect, the additional complica- 
tion of a fine wire resistor for connection in series with 
the coil is required. Their use involves the use of 
additional trolley conductors. If used in connection 
with a dynamic lowering controller they are a menace to 
safety because they may be held released by any one 
of a variety of causes when it is very necessary that 
they be applied. From the standpoint of safety it is 
especially desirable to provide some assurance that the 
brake will automatically set in case of accidental failure 
of the dynamic braking circuit. This feature can be 
secured with the shunt brake only by means of the 
additional complication of a series relay, whose coil is 
connected in series with the motor precisely as the 
coil of a series brake would be connected, and whose 
contacts are connected in series with the shunt brake- 
control circuit. Shunt brakes must be used where it is 
desired to provide a drift point, as on bridge and trolley 
motions and in some special applications. For crane 
hoist service, however, the series-wound brake has been 
all but universally adopted, because of its simplicity, 
reliability, and suitability, for the work. The sole 
objection raised against the series winding in the past 
has been that its operating range is too narrow. Fol- 
lowing the introduction of dynamic lowering control, 
it was found that few brakes in service could be 
depended upon to release at less than 75 per cent of 
full-load current. Another objection was that series 
brakes would not hold released to a sufficiently low 
value of current. However, these objections do not 
apply to brakes of modern design which will release at 
40 per cent and hold released as low as 10 per cent of 
full-load current or less. 

As regards the mechanical arrangement of their 
friction surfaces, commercial brakes are of three general 
types, namely, band brakes, shoe brakes and disk 
_ brakes. 

The most extensively used type for crane hoists is 
the dead-end band brake. It consists of a flexible 
sheet steel band, lined with leather, asbestos composi- 
tion or other friction material, one end of which is 
firmly anchored by means of a cast or forged ear, 
riveted to the band. The other end of the band is 
attached through a suitable adjustable fitting to a 
lever, which is operated by a long-stroke solenoid. 
In most designs ‘the weight of the solenoid plunger, 
assisted perhaps by an adjustable weight on the lever, 
is made to apply the brake. In other designs the 
brake is applied by means of a spring. Very consider- 
able improvement has been made in recent years in 
band brakes as manufactured by the various crane 
builders by refinement of the structural details 
and by the adoption of a well-designed single-coil 
solenoid instead of the old two-coil horse-shoe type 
operating magnet formerly used. For some purposes, 
as for example, on an intermediate shaft, the band 
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brake has decided advantages, and for such applications 
it will, no doubt, long continue to be used. It possesses, 
however, inherent defects which no amount of refine- 
ment in design can eliminate. The most important 
of these defects is that it is effective in only one direc- 
tion of rotation. In lowering, the friction between 
the brake wheel and band tends to wrap the band more 
tightly around the wheel, and this together with the 
fact that almost the whole circumference of the wheel 
is used gives high braking torque. But in the opposite 
direction the friction between wheel and band simply 
tends to raise the operating lever, and the retarding 
torque developed is practically nil. In hoisting the 
light hook, therefore, an excessive amount of drift is 
experienced and many accidents, usually unjustly 
blamed on the failure of limit switches, have resulted 
in consequence. 

Another defect of the band brake is that it is diffi- 
cult to make it as strong mechanically as other types. 
The band must possess a degree of flexibility which 
limits its thickness and therefore its strength, and the 
ends where the ears are attached are especially apt to 
fail. Every one with steel mill experience has seen 
these bands fail, perhaps with disastrous results. In 
actual practise the band nearly always drags more or 
less, imposing a friction load which detracts from effi- 
ciency. The long-stroke solenoid is sluggish in action 
as compared with a short-stroke electromagnet, so 
that in hoisting a heavy load, when the controller is 
brought to the off position the load may start to drop 
before the brake sets. When somewhat out of adjust- 
ment and operating through an excessively long stroke 
the hammer blow developed when the plunger drops, 
gives for an instant an excessive braking torque which 
throws severe stresses on brake band and gearing, 
sometimes resulting in damage to both. 

These various defects of the band brake are rapidly 
forcing the more general use of shoe and disk brakes. 
The shoe brake consists of a brake wheel and a pair 
of shoes lined with friction material, and operated 
through the proper mechanism by either a short- 
stroke electromagnet of the clapper type or a solenoid. 
When a clapper type magnet is used, the brake is set 
by means of a spring. When a solenoid is used, the 
weight of the plunger is usually assisted by a spring. 
The only serious defect of the shoe brake is that it is 
practically impossible to use much more than one-half 
of the circumference of the brake wheel as a bearing 
for the shoes. Therefore, if the pressure per square 
inch is kept down to a value which will allow long life 
to the friction material, a considerably larger brake 
of the shoe type than of the band type will be required 
for the same torque. As compared with the band 
brake, the shoe brake has the following definite advan- 
tages; it gives the same braking torque in either direc- 
tion of rotation; it is a stronger mechanical structure, 
when operated by a short stroke magnet it is much 
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quicker in action and yet has less instantaneous exces- 
sive braking; it is easy to keep it so adjusted that the 
brake shoes do not drag. 

The disk brake consists of a set of one or more ro- 
tating disks, feather keyed to a hub which is in turn 
keyed to the shaft to be retarded and a set of stationary 
disks feather keyed to the frame of the brake. Either 
the rotating or stationary disks may be faced with 
friction material. The armature plate of the short- 
stroke operating magnet is moved forward by a spring, 
pressing the friction plates together when the brake 
is applied. When the magnet is energized the spring 
is compressed, and the friction plates float apart. 
The positive advantages of the disk type construction 
are that it gives equal braking torque in either direction 
of rotation; it provides plenty of friction surface and, 
therefore, gives relatively high torque in a relatively 
small and compact structure; because its friction 
surfaces are enclosed it gives a very constant torque, 
regardless of weather, splashing, oil or other untoward 
conditions. Its positive disadvantages are that on 
account of its compact structure it will dissipate rela- 
tively little heat; on account of the necessarily small 
bearing of rotating and stationary disks on the feather 
keys, the wear in both keys and keyways is excessive 
in severe service; the operating magnet simply relieves 
the pressure on the disks, when the brake is released 
and does not positively disengage the disks. This 
aggravates the trouble from heating; if it is desired 
to replace the armature or other shaft to which the 
brake is attached, it is necessary to entirely remove 
the brake. : 

To sum up, then, each type of brake has its advan- 
tages and its particular applications. The band brake 
should be used where a holding brake is desired. Its 
excellent torque characteristic in one direction of rota- 
tion is a positive advantage in such service. The shoe 
brake is a general service brake and should be used for 
all severe duty applications. The disk brake is also 
a general service brake which will give excellent satis- 
faction in light duty applications. Its use is frequently 
dictated by space limitatiors. 

All of the three types of brakes above described 
are subject to the same objection, namely, that their 
torque is either all on or all off; in other words, they do 
not permit any graduation of braking torque. For 
most applications, this is not a grave disadvantage. 
Where dynamic braking control is used, the load is 
retarded by a nicely graduated braking torque and the 
fixed torque of the magnetic brake is of no consequence. 
In many cases where no great nicety of control is re- 
quired, even without dynamic braking control, no 
difficulty is experienced if the brake is reasonably 
well proportioned with reference to the motor and the 
load. In special applications, however, the fixed 
torque characteristics of the ordinary brake is a very 
serious disadvantage. For example, take the case of 
the bridge motion of a gantry crane which it is desired 
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to hold against any probable wind pressure. In such 
a case, the torque required of the brake bears no 
definite necessary relation to the motor torque. Ifa 
brake sufficiently powerful for safety in emergency is 
used, entirely too severe braking for ordinary service 
application will result. The swinging motion of a jib 
crane or a hammer head crane presents a similar 
difficulty. A too severe application of the brake 
produces objectionable and even dangerous swinging 
of the load, and, sets up excessive stresses in the 
structure. Various attempts have been made to prop- 
erly take care of these difficulties. One method is 
to use a dash pot to secure gradual application of the 
brake. This is open to the objection that the brake 
must always be gradually applied, even in emergency 
when it may be necessary to apply it instantly in order 
to avert a wreck. A more satisfactory solution is the 
use of a multiple solenoid or multiple magnet brake. 

The multiple solenoid brake consists of practically 
two brakes in one, one solenoid being arranged to release 
the greater part of the total braking torque and the 
other solenoid arranged to release a smaller part of 
the total torque. Both solenoids may be shunt wound 
or one may be shunt and one may be series wound, 
depending upon the convenience of control. There 
are various methods of controlling these brakes de- 
pending upon the particular application in which they 
are used. Both magnets may be released at once when 
the controller is thrown to the off position, and the 
action of the more powerful one delayed by a dash 
pot so that the smaller brake does practically all of the 
work of bringing the structure to rest, and the more 
powerful brake is then effective as a holding brake. 
A second method is to release the more powerful brake 
on the first point of the controller and the less powerful 
on the second point. This scheme permits the operator 
to secure full braking torque in emergency. A third 
method consists in releasing the large solenoid on the 
first point, the small solenoid on the second point and 
in providing a drift or coasting point on the third con- 
trol notch at which point neither brake nor power is 
applied. Many applications where a drift point is 
very desirable will occur to the reader. It must be 
kept in mind, however, that with this scheme both 
solenoids must be shunt wound, involving at least two 
additional trolley conductors, and this feature may be 
very objectionable. 

The second scheme mentioned above has a special 
application in connection with dynamic lowering hoist 


controllers which deserve particular mention. A defect 


of the standard dynamic lowering systems of control is 
that it is difficult or impossible to secure creeping speeds 
in lowering heavy loads. If reference is had to a 
dynamic braking speed torque curve (See paper by 
James A. Jackson, General Electric Review, June 1917, 
page 462) it will be noted that for the motor to 
develop a dynamic braking torque equal to full load 
torque it is necessary that the armature rotate at about 
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35 per cent of full load hoisting speed. - In other words, 
it is difficult to secure more than 65 per cent speed 
reduction in lowering a heavy load, without danger- 
ously overloading the field windings, whereas 90 per 
cent speed reduction is not infrequently required. 
This defect of dynamic lowering control is due to the 
fact that the retarding torque is proportional to the 
product of the currents in field and armature. The 
maximum safe field current must be assumed to be 
full-load current. In order to develop full-load torque 
the armature must therefore generate full-load current 
and it will accelerate to the speed necessary to enable 
it to generate sufficient voltage to force full-load 
current through the resistance of the dynamic loop. 
The minimum safe value of resistance in the dynamic 
loop is also quite definitely determined by considerations 
apart from speed control. It is evident, therefor, 
that the only safe way to reduce the minimum lowering 
speed with heavy loads is to relieve the motor of some 
of the overhauling torque. This can be very effectively 
accomplished by means of the multiple solenoid brake. 
If the smaller brake remains applied, as outlined in the 
second scheme of operation mentioned above, on the 
first point of the controller, excellent speed regulation 
may be secured, even with the heaviest loads the crane 
may be called upon to handle. 


A-C. MAGNETIC FRICTION BRAKES 


Alternating-current brakes are either of the band 
or shoe type operated either by solenoids or clapper 
type magnets, or by small torque motors. In general, 
what has been said above with reference to d-c. brakes 
applies with equal force to a-c. brakes. It is to be 
constantly kept in mind, however, that alternating 
current cranes are rarely found in exceedingly severe 
duty, so that defects which may be quite serious in 
d-c. equipment may be unimportant in similar a-c. 
. equipment. Furthermore, on account of the synchro- 
nous speed characteristics of the wound-rotor induc- 
tion motor, the brake is relieved of all danger of ex- 
cessive stresses and wear because of the excessive speeds 
often encountered in severe duty d-c. equipment. On 
the other hand there is no system of dynamic lowering 
control for a-c. hoists and many a-c. cranes are installed 
without mechanical load brakes. In consequence, a-c. 
brakes must usually absorb all of the energy of stopping 
the load, and usually they constitute the sole means 
of holding a load in suspension. A strong and reliable 
brake is therefore essential. 

The constant speed characteristic of the wound- 
rotor induction motor makes a mechanical brake un- 
necessary for limiting the lowering speed of an over- 
hauling load. The motor is simply accelerated to 
synchronous speed and above this speed true regenera- 
tive braking is secured and power is returned to the 
line. 
used, it is impossible to secure a nice speed regulation 
‘in lowering an overhauling load, since no system of 


EASTWOOD: MOTOR-OPERATED CRANES 


On the other hand, if no mechanical brake is 


dll 


control for a-c. motors comparable to dynamic braking 
control for d-c. motors has been designed. This has 
led to the development of the solenoid load brake, 
which eliminates many of the inherent disadvantages 
of the mechanical load brake and secures effectively 
the desired accuracy of speed control. 

The solenoid load brake consists of a single brake 
wheel and a single pair of brake shoes mounted in an 
appropriate frame and operated by two solenoids. 
One solenoid which is connected in the primary cir- 
cuit is arranged to entirely release the brake when 
energized. The second solenoid is connected across 
one phase of the secondary or rotor winding with 
some variable resistance in series with it. Since 
the voltage generated by the secondary of an induc- 
tion motor varies directly as the slip and since 
the pull of the solenoid can be made to vary al- 
most exactly with the voltage across its coil, the pull 
can be made almost exactly proportional to the slip 
or inversely proportional to the speed. This solenoid 
is of course arranged so that the pressure on the brake 
shoes is relieved by the pull of the solenoid, so that 
when the pull is a maximum, that is when the rotor 
is at standstill, the braking torque is almost entirely 
relieved, whereas at high speeds, where the slip ap- 
proaches zero approximately full torque is developed. 
The braking torque at low speeds can be increased by 
increasing the variable resistor in series with the sole- 
noid coil. This resistor is controlled by the contacts 
of the hoist controller, so that operation very similar 
to that of a dynamic lowering d-c. controller is secured. 
In hoisting, the solenoid in the primary circuit is ener- 
gized and this entirely releases the brake so that there 
is no braking friction in hoisting. On the first three 
or four points lowering only the solenoid in the sec- 
ondary circuit is energized, so that on these points 
accurate speed control is secured by means of the sole- 
noid load brake. On higher speeds the solenoid in 
the primary circuit is energized and the braking 
torque of the solenoid load brake is entirely relieved 
and the load may be lowered at high speeds by pure 
regenerative braking. The brake is therefore relieved 
of wear except when operating at low speeds and in 
slowing down from high speed to low speed. As 
compared with a mechanical load brake, very much less 
wear due to friction is encountered and much less 
frequent adjustment is therefore necessary. The sole- 
noid load brake will give as good results on creeping 
speeds when lowering loads as the mechanical load 
brake, assuming equivalent adjustment; especially 


- accurate control is secured in lowering a heavy load a 


very short distance, usually called ‘“‘jogging’’. 

In conclusion it seems advisable to emphasize the 
importance of substantial and capable braking equip- 
ment on electric cranes. A good dependable hoist 
brake is perhaps more important from the standpoint 
of safety than any other item of electrical equipment 
on acrane. This subject deserves more consideration 
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than has hitherto, in general, been given to it. The 
brake is an insignificant item of cost in the total price 
of acrane, so that even a cheap crane could well 
afford a good brake, but it has been very largely 
overlooked by the purchasers of cranes and many 
unsatisfactory and even unsafe brakes are in daily 
use. If this paper serves in any degree to direct more 
careful consideration to the matter of magnetic brakes 
for cranes, the author’s object will have been accom- 
plished. 
LIMIT SWITCHES 


The function of limit switches as applied to electric 
cranes is to limit the travel of either hoist, trolley or 
bridge motion in either one or both directions. Their 
most common use is to limit the upward travel of the 
hook block. 

Hoist limit switches are of two general types; first, 
geared; second, direct-operated by the hook block. 
Geared limit switches consist of a contact mechanism 
connected to the drum shaft through some such reduc- 
tion gear as a traveling nut, worm and gear or interrup- 
ted gear. This contact mechanism is usually designed 
to handle a control circuit only, so that in addition to 
it, a magnetic switch or circuit breaker to break the 
motor circuitisrequired. Direct-operated limit switches 
are of either the control circuit or the main circuit 
type. The control circuit type consists of a simple 
normally closed contact opened directly by the hook 
block, and a magnetic switch. The main circuit 
type consists of a more substantial contact mechanism, 
capable of handling the motor current, operated di- 
rectly by the hook block. It may simply open the motor 
circuit, or it may in addition provide some form of 
dynamic braking to secure a quick stop. 

As mentioned above, geared limit switches are sup- 
plied with either a magnetic switch or a circuit breaker, 
of the shunt trip type, to open the motor circuit. A 
sharp distinction must be drawn between these two 
types. Ifashunt trip circuit breaker is used, the geared 
contact mechanism must have normally open contacts. 
When the hook approaches the limit of travel, the 
contacts are closed, the shunt trip coil energized and 
the circuit breaker thus opened. It is therefore 
dependent upon the integrity of its circuits for its 
operation. Its contacts may be out of commission, a 
shoe may fail to make contact with a trolley bar, or a 
connection may be loose and the limit switch is inop- 
erative. The important point is that it gives no pre- 
vious warning or indication of its condition and the 
hoist may continue to operate until the hook block 
over-travels and an accident results. 

The device with normally closed contacts and a mag- 
netic switch, on the other hand, is normally safe. The 
magnetic switch will be opened by any failure of the 
limit switch circuit and the hoist cannot be operated 
until the fault is repaired. The magnetic switch may 
of course be held closed by a grounded circuit, indepen- 
dent of the action of the limit switch contacts and thus 
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cause a wreck. -. However, the danger of grounds is 
small as compared with the many possibilities of open 
circuits and the closed cireuit device is therefore a much 
safer and more dependable limit switch than the open- . 
circuit device. 

The magnetic switch may be mounted either upon the 
trolley or in the operator’s cab. There is some advan- 
tage in mounting upon the trolley. It may not be so 
easily tampered with and the control wiring runs only 
a short distance so that there is less danger of ground- 
ing. If the magnetic switch is mounted in the cab, 
it is a wise precaution to put it in a locked enclosing 
case, so that it cannot be tampered with by unau- 
thorized persons. 


The method of resetting the limit switch is important. 
Any method, such as the use of a push button, which 
will permit further hoisting after the limit switch has 
operated, is to be condemned. A control circuit wire, 
energized by a finger in the hoist controller is often 
used, and is an excellent method if the necessary con- 
tact finger in the controller is available. This con- 
nection simply short-circuits the limit switch contacts 
when the controller is thrown to the lowering position, 
and the limit switch is reset automatically when the 
hook has lowered a short distance. A still better 
method is to connect the main contacts of the magnetic 
switch in a part of the circuit which is used only in 
hoisting. It is possible with most reversing controllers 
and with all dynamic lowering controllers, to make 
this connection and with this arrangement no control 
circuit connections whatever are required for reset. 
It is needless to say that careful and constant inspec- 
tion is necessary if such limit switches are to be 
depended upon. The mechanical parts of the contact 
mechanism require especially close inspection. A 
flexible coupling of some sort is required between the 
drum shaft and the operating shaft of the limit switch, 
because of difficulty in securing accurate alinement. 
The couplings in general use at the present time are of 
poor design and are sure to give trouble unless fre- 
quently inspected and replaced when necessary. The 
bearings of the operating shaft require thorough lubrica- 
tion. Accidents occur because these bearings become 
so badly worn that the reduction gears fail to mesh and 
the contact drum is therefore not driven. 

All geared limit switches are open to the very serious 
objections that they take no account of the stretch of 
the cables and require complete readjustment whenever 
new cables are installed. If the limit switch is set 
with a new cable, to stop the hook travel at the proper 
level, it quickly develops as the cables stretch that 
it is impossible to hoist to the desired height, and read- 
justment is necessary. The direct-operated control 
circuit type limit switch avoids this difficulty and in 
addition has the advantage of being a very simple and 
strong device, and of being subjected to very little 
wear, because it operates only when the hook reaches 
the limit of travel. The contact mechanism hangs 
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under the trolley and at least a superficial inspection 
of it can be made from the floor. For cranes equipped 
with shoe or disk brakes, giving full braking torque in 
the hoisting direction and where from twelve to eighteen 
inches of variable drift may be permitted, this type of 
limit switch makes very satisfactory equipment. It 
provides a very considerable degree of protection at 
very little expense. It is important to remember, how- 
ever, that a good disk or shoe type brake is very neces- 
sary for the reliable operation of such a limit switch. 

The extensive use of band brakes, which provide 
almost no retarding torque in the hoisting direction, 
and the close limits within which many crane hoists 
have to work, has lead to the development of direct- 
operated main circuit limit switches, which in addition 
to opening the motor circuit, establish dynamic braking 
connections, in order to secure a quick and accurate 
stop. 

The first devices of this kind were developed in the 
steel industry which is still their principal field of 
application. The first development, known as the 
2 by 4 limit switch consisted simply of two pieces of 
2-in. by 4-in. lumber from two to four feet long con- 
nected together at one end by a common door hinge 
and having mounted upon them at their other ends 
a pair of carbon blocks. This device is swung under the 
trolley with its contacts normally open, in such posi- 
tion that the contacts will be closed by the hook block 
lifting the lower two by four as the hook approaches its 
limit of travel. The electrical contacts are connected 
to short-circuit the armature when closed. The 
tremendous rush of current in the field and the heavy 
circulating current in the armature brings the hook 
almost instantly to rest. At the same time the circuit 
is supposedly opened by the blowing of the circuit 
breaker in the cab. To reset this limit switch it is 
necessary to pry the 2 by 4’s apart while the hook block 
is lowered out of the limit. 

This limit switch which is extremely effective in 
securing a quick and accurate stop, is cheap, strong and 
easily inspected. But it is evident that the operation 
of-such a limit switch must be considered a serious 
emergency. In addition to the time and trouble 
required for resetting, the damage accruing to the motor 
is a serious matter. A flash-over almost inevitably 
results and after a very few operations of the limit 
switch the motor must be sent to the repair shop. 
Furthermore, under certain conditions of operation it is 
ineffective. If the hoist controller is not in the full on 
position, that is, if the current in the field circuit is 
limited by a portion of the starting resistance, the arma- 
ture will be slowed down but will not be brought to a 
stop unless the circuit breaker happens to blow. If 
power fails, or if the hoist controller is brought to the 
off position at the instant the hook strikes the limit, 
the switch is absolutely ineffective. This latter con- 
tingency is more than probable since an operator will 
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instinctively throw his controller to the off position 
when he sees the hook approaching the danger point. 
Very frequent failure of this type of switch may there- 
fore be anticipated and has actually resulted in prac- 
tise. 

This device scarcely deserves consideration here 
except for the fact that it has served to direct the atten- 
tion of control manufacturers to the need for a limit 
switch designed to give quick and accurate stops. The 
first development along this line consisted of a switch 
built along the lines of a drum controller, arranged to 
break the line connections and reconnect the motor 
with armature reversed as a series generator with a 
current-limiting resistor in circuit. By adjusting the 
resistor, practically any degree of braking and therefore 
any quickness of stop desired may be secured. In the 
interest of reliability it is wise to use a resistor of non- 
breakable material, since it must be mounted upon the 
trolley and since the quick dynamic braking stop 
depends upon the integrity of this resistor. This 
type of stop is widely used and gives excellent satis- 
faction. The objection to it is that it must be reset 
by hand, and for this purpose a reset rope is provided. 
The trolley must be run back toward the operator’s cab 
so that the operator can reach the rope which results in 
some inconvenience and delay. To escape this objec- 
tion, self-resetting, direct-operated switches have been - 
designed. These switches secure dynamic braking in 
the manner described above, but in addition, close 
contacts which establish connections for lowering when 
the controller is thrown to the lowering position. The 
hook is lowered at low speed with a shunt around the 
motor until the hook is out of the danger zone, when the 
limit switch is automatically reset by a weight and the 
hook may be lowered at full speed. 

If it is necessary to secure a very quick stop, say 
within four to six inches of drift with the light hook,the 
dynamic braking resistance will have to be so small and 
the braking current so heavy, even with this type of 
limit switch, that the commutator will be pitted and 
flash-overs may result. If the resistance is so propor- 
tioned as to allow a dynamic braking current equivalent 
to full-load current, only full-load braking. torque 
is generated initially, before the motor begins to 
slow down and the average braking torque will be only 
about half full-load torque. Since the dynamic braking 
torque is proportional to the square of the current it is 
evident that about 150 per cent full-load current must 
flow on the dynamic braking peak in order to secure 
even as quick a stop as would be secured with a full- 
torque magnetic friction brake without the assistance 
of dynamic braking. It is evident, therefore, that by 
far the best results will be secured by using a good brake 
of the shoe type in conjunction with the dynamic 
braking limit switch where very accurate stops are 
required. Thus with a dynamic braking peak of 200 
per cent and a full-torque magnetic brake, an armature 
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rotating at twice full-load speed should be brought to 
reset in about two-thirds of asecond. Ifthe hook speed 
is fifty-feet per minute, the drift will be about six inches. 

As may be seen from the foregoing, the whole matter 
of hoist limit switches is in a rather chaotic condition 
at the present time. There is no conclusive and definite 
opinion among operating men as to what constitutes 
a good limit switch. Some operating engineers take 
the position that no limit switch is thoroughly depend- 
able and that a limit switch which is not dependable 
is worse than none at all. Some maintain that the 
operator should not’ be permitted to depend upon the 
limit switch and that he should be put to some trouble 
to reset it, so that he will avoid using it if possible. 
Others maintain that such loss of time in resetting is 
not permissible and that automatic reset is positively 
necessary. Still others consider the matter of slight 
importance and accept without question anything in 
the way of a limit switch which the crane builder may 
provide. New cranes are being installed every week 
with every type of limit switch mentioned herein, from 
the open-circuit geared type, which the author frankly 
believes to be worse than no limit switch at all, to the 
most elaborate form of dynamic-braking direct- 
operated, self-resetting type. There is literally no 
standard specification for limit switches either as 
' regards structure, as regards functions or as regards 
what they shall accomplish. In the hope, therefore, 
of assisting in the formation of a definite sentiment on 
this subject, the author ventures to submit his own 
opinions as follow: 

Hoist limit switches should be operated directly 
by the hook block and should preferably open the 
motor circuit without the intervention of a magnetic 
switch or circuit breaker. On cranes equipped with 
disk or shoe type magnetic brakes and on which the 
drifting space is ample, a limit switch which merely 
opens the circuit is sufficient. On cranes equipped 
with band brakes and on cranes operating with very 
small head room dynamic braking limit switches should 
be used. The head room used by upward drift of the 
hook when retarded from three times rated speed by a 
full-torque brake, amounts to about three feet when 
full load speed is 60 feet per minute, 18 inches for 30 
feet per minute, and so on in proportion. The above 
applies when high-speed motors of the so-called crane 
type are used; about one-half the drift would oceur with 
the lower-speed so-called mill type motors. Hoist 
limit switches should always be considered emergency 
devices. Their use for service stops should be dis- 
couraged. The most obvious method of discouraging 
their continual use is to put the operator to some incon- 
venience in order to reset. It should not be necessary, 
however, for the operator to climb upon his trolley or 
endanger himself in any way, and it should not be pos- 
sible for him to reset and continue to hoist either by 
accident or intention. It should be effective regardless 
of power failure or the position of the controller at the 
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instant of operation. The operating mechanism should 
be positive, and no dependence should be placed upon 
springs or other mechanism exerting a definitely limited 
operating force. Direct operation through push rods 
or steel cable is preferable. In the limit switch itself, 
simplicity and strength are of the utmost importance. 
In the purchase, installation, operation and upkeep of 
a limit switch it should be constantly kept in mind that 
it is primarily a safety device upon which the safety of 
human life may very frequently depend and that there- 
fore the best is none too good. 

The foregoing has all been with reference to limit 
switches for limiting the upward travel of the hook. 
Where a.lower as well as an upper limit is required, 
commercial types of direct-operated stops are not easily 
applied. In such cases it is customary to use two com- 
plete geared limit switches, or a single geared mechan- 
ism, such as is used with elevators, containing two adjus- 
table sets of contacts working in conjunction with 
magnetic switches. 

Limit switches are sometimes required to prevent 
the collision of trolleys on double trolley cranes, or 
of the cranes themselves when several cranes are mounted 
upon one runway. Direct-operated dynamic-braking 
switches have been applied to some extent for this 
purpose. Another method is to equip the trolley 
or bridge motors with magnetic friction brakes, nor- 
mally held released by shunt-wound magnet coils 
and automatically applied by means of a direct- 
operated contact device when the machines come into 
dangerous proximity to one another. This problem, 
however, does not often arise. 

For alternating-current cranes, the same remarks 
which have been made regarding direct-current cranes 
apply insofar as they refer to the method of mounting, 
of operating and of opening circuits. Dynamic brak- 
ing cannot be secured with an alternating current motor, 
independent of an outside source of power and the 
remarks made regarding the use of dynamic braking 
limit switches therefore do not apply to alternating- 
current cranes. Fortunately the a-c. motor does not 
run at a very much higher speed on no-load than- it 
does on full load. The amount of drift is therefore 
quite constant independent of the load on the hook, 
so that, if reliable brakes are used, quite accurate 
stopping may be secured with direct-operated limit 
switches which merely open the circuit. 


DIRECT-CURRENT CRANE PROTECTIVE PANELS 


It has always been the practise to equip electric 
cranes with some form of protective panel, mounted 
in the operator’s cab, provided with a service knife 
switch for disconnecting all of the circuits on the 
crane from the power lines and with some form of 
individual overload protection for each motor. A vast 
improvement has been made in recent years in the 
character of this equipment as offered by the electrical 
manufacturers, but cranes are still sometimes provided 
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with protective panels of the crude original type.™ We 
will, therefore, take up the various types of crane pro- 
tective panels in the order of their development since 
even the crudest type is still sometimes furnished on 
an otherwise modern crane. 

The simplest form of crane protective panel consists 
of a main knife switch with open link fuses and a link 
fuse in one side of each motor circuit. The unsatis- 
factory and unsafe character of this equipment scarcely 
requires comment. The first step in advance from 
this type is, naturally the use of enclosed fuses instead 
of link fuses and in this form the fused crane protec- 
tive panel is very widely used. The protection fur- 
nished by this equipment, however, is not very great, 
and in the case of severe duty cranes is, in fact almost 
negligible. On severe service cranes heavy momentary 
over loads are a necessary incident of normal operation. 
It is, therefore, necessary to use fuses of such large 
capacity that they afford no protection to the motor 
or mechanical equipment against continuous overload. 
For example, a bearing cap in the bridge drive may be 
pulled up too tight, imposing an overload of 25 or 50 
per cent on the bridge motor. In such an event, a 
fuse, as ordinarily used, in the bridge motor circuit 
would be unlikely to afford any protection to either 
the motor or bearing. The panel may be properly 
fused when new, but it is unlikely to remain so very 
long. Proper replace fuses often are not at hand 
when required, and in this case a piece of copper wire 
is commonly used as a re-fill, which may be replaced at 
some distant date or not at all. If rigid inspection is 
enforced and an attempt is made to use fuses of the proper 
capacity to afford real protection, the replacement 
of enclosed fuses on a severe duty crane is a considerable 
item of expense. These disadvantages all indicate 
the fundamental unsuitableness of fuses for the pro- 
tection of crane motors and have to some extent forced 
the adoption of circuit breakers. 

Railway type circuit breakers have been used to some 
extent in this service, in various combinations, and it 
is rather remarkable that their use is not more general. 
They constitute a strong and simple protective equip- 
ment. at comparatively small expense. They avoid 
the two most important defects of fuse protection, 
because they may be quickly reset at no expense. The 
sole serious objection to them is that they must be 
set too high to give any protection against continuous 
overloads. 

The modern crane protective panel, now almost 
universally used in thesteel industry, has been developed 
with the view of providing safety protection for the 


operating force as well as electrical and mechanical. 


protection for the crane. In the interest of safety in 
emergency it is often desirable that the operator be 
able to cut off power instantly. This is best accom- 
plished by push button operation of the circuit breakers 
with the push button mounted within easy reach of 
the operator. In the interest of safety of workmen 
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engaged in routine inspection and repairs it is desirable 
to provide means for making it impossible to accidently 
start any motion of the crane. This is accomplished 
by providing a safety plug, which the workman takes 
out of the panel and carries with him in his pocket, 
while he is on the crane and the absence of which from 
the panel makes it impossible to close the main circuit 
breakers; or by providing a safety lock clip on the ser- 
vice knife switch by means of which the workman 
locks the knife switch in the open position with a safety 
padlock, the key of which he carries in his pocket. 
Overload protection is secured by means of overload 
relays in each motor circuit operating in conjunction 
with magnetic switches. Various combinations of 
overload relays are used, depending upon the preference 
of the user. However, a quite definite standard speci- 
fication seems to be forming and the type now most 
generally used has one overload relay in one side of 
each motor circuit and one common or totalizing relay 
in the opposite side of the main circuit. 

On account of the ease and quickness with which this 
magnetic contactor type of circuit breaker can be reset 
it is possible to set the overload relays so that they will 
trip at a comparatively small overload without inter- 
fering too greatly with normal operation. Such a 
protective panel, therefore, affords some protection 
against continuous overloads. A much greater degree 
of protection is secured by the use of inverse time ele- 
ment overload relays. It has become quite common 
practise to use one inverse time element overload relay 
in each motor circuit to protect the individual motors 
against continuous overloads and an instantaneous 
trip-relay in the common or return side of the circuit. 
This arrangement undoubtedly provides the ideal pro- 
tection if the equipment is kept in good operating con- 
dition, but with the care which such equipment com- 
monly receives in service, it is not wise to put too much 
reliance upon it. The inverse time element character- 
istic is usually secured by means of an oil dashpot and 
its accurate operation depends upon the use of a specific 
oil having very definite physical characteristics. If 
some other oil is used the inverse time element feature 
becomes unreliable or useless. The use of oil moreover 
tends to assist in the accumulation of dust and grit 
on the apparatus, which tends to destroy not only the 
reliability of the inverse time element feature but in 
addition may retard or actually prevent the operation 
of the relay itself. The author does not wish to be 
understood as condemning panels which make use of 
inverse time element overload relays. If carefully 
inspected and kept up they certainly provide a very 
valuable protection, which can be secured in no other 
way. Our desire is to emphasize the necessity for this 
inspection with existing types of equipment, and further 
to present the problem of securing the time element 
feature in some more simple and more reliable way. 

The selection of the proper sizes of knife switches and 
magnetic contactors for crane protective panels is of 
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importance. In general it is impossible to calculate 
with any degree of accuracy the current which, flowing 
continuously would produce a heating effect equivalent 
to the varying loads on the several motions. Each 
motor is operated intermittently but usually not in 
any definite cycle. Two or even three motions may be 
operated at the same time. There are so many 
variables depending upon the infinite variations of 
actual service that an attempt to standardize at first 
seems hopeless. However an examination of heating 
curves on a standard line of 30-min. rated enclosed 
crane motors shows that they can work at their rated 
load less than 20 per cent of the total time; also that 
they will, with rare exceptions, and that on small sizes 
only, carry no more than 35 per cent of their rated load 
continuously. This indicates that no matter how the 
currents flowing to the several motors on the crane are 
superimposed on one another, the root-mean-square 
value of the current passing through the main knife 
switch and magnetic contactors, could not exceed 35 
per cent of the sum of the rated currents of the several 
motors, provided the motors were of such capacity as 
never to be overheated themselves. 

Actual experience, quite independent of the con- 
sideration of motor ratings, has evolved a standard 
which is now in general use. The rule is to use magnetic 
contactors and main line knife switches whose continu- 
ous rating is equal to 50 per cent of the sum of the half- 
hour current ratings of the several motors on the crane. 
This rule may be used with confidence in making speci- 
fications for crane protective panels for all general 
purpose cranes having three or more motors. Dis- 
cretion must of course be used in connection with 
unusual cases. The are rupturing capacity of the 
magnetic contactors, should not be less than three 
times the normal current of the largest motor on the 
crane. 
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ALTERNATING-CURRENT CRANE PROTECTIVE PANELS 


The problem of overload protection for alternating- 
current cranes is entirely different from that presented 
by direct-current cranes. In the first place, an alter- 
nating-current motor does not need to be protected 
against exerting too great a torque instantly. It 
will inherently stall at somewhere between 214 and 
31% times full load torque, whereas with a d-c. crane 
motor, torque can be developed to the destruction of 
motor or gearing unless a protective device of some sort 
intervenes. An overload device is therefore required in 
connection with an a-c. crane motor almost solely 
for the electrical protection of the motor, and not as on 
d-c. cranes for the mechanical protection of the motor 
and gearing. In the second place, in an a-c. crane 
motor greater starting peaks of current are required 
for the same motor output than in a d-c. motor, so that 
any overload device which is unable to differentiate 
between excessive peaks and continuous overloads of 
lesser magnitude, is even less useful for the protection 
of an a-c. crane motor than for a similar d-c. motor. 
In addition to these considerations, the use of fuses is 
especially to be condemned in connection with a-c. 
crane motors because of the danger of single phasing, 
which might easily result in serious accident. 

The satisfactory protection of an a-c. crane therefore 
depends upon the use of reliable inverse time element 
overload relays. ‘These relays are usually of the duplex 
type, that is, with two coils operating upon one control 
contact. One such relay should be used in the primary 
circuit to each two- or three-phase motor and in addi- 
tion, a totalizing relay, connected in series with the wire 
or wires not protected by the individual motor relays 
may be used if desired. 


Discussion 
For discussion of this paper see page 323. 


Electric Crane Controllers 
BY J. F. SCHNABEL 


Associate, A. I, E. E. 
Electric Controller & Manufacturing Company, Cleveland, Ohio 


Review of the Subject.—Other papers in the series on elec- 
trical apparatus for cranes deal with the requirements as to motors 
and auxiliary equipment; the latter comprising brakes, overload 
protective panels and limit switches. This paper on controllers 
reviews tts subject tn a general way, without going into any details 
of the devices employed, presenting a clear view of the fundamental 
considerations involved. 

The controlling apparatus of an electric crane is responsible for 
the prompt and proper accelerating of the several motions; their 
speed control; the safeguarding of the motors from abuse; the 
convenience and economy of operation; and the elimination of 
many dangers due to carelessness. The author touches indirecily 
on these poinis but concerns himself chiefly with the character 


INTRODUCTION 
HE controlling apparatus of an electric crane is 
to the machine on which it is used as the nervous 
system is to the human body. 

The best designed and most scientifically selected 
motors or brakes would be practically useless without 
the proper means for controlling the energy that must 
be applied to them to do the work intended. Further- 
more, the dissipation of the energy stored in the crane 
bridge or trolley during acceleration, or in the loads 
that have been lifted by the hoist, in order to bring 
these structures to rest, or to lower the loads, is of as 
great importance as the application of energy in the 
first place. Friction devices can be used for this pur- 
pose, but the resulting wear on the friction surfaces 
requires frequent replacements and adjustments, par- 
ticularly on hoists. It has been stated by some one 
that the energy given up in lowering 20 tons through 50 
feet will generate sufficient heat to raise the temperature 
of 10 lb. of iron 1000 deg. fahr. 

It is well-known that friction brakes for lowering 
were long a source of trouble on crane hoists. Due to 
the ability of a direct-current motor to convert mechan- 
ical energy into electrical energy, as well as to perform 
the primary function of translating electrical energy 
into mechanical energy, the motor, in many cases, can 
be used for retarding also and thus relieve or replace 
the friction brake for this purpose. The energy is not 
all radiated from the motor itself, but mostly from resis- 
tors connected in the motor circuit. In the resistors 
the electrical energy is changed into energy in the form 
of heat, and is transmitted to the air. It is easy to 
design and proportion resistors to do this without any 
great depreciation, and the energy can be radiated into 
the air wherever it is most convenient. 
additional heating in the motor when used for both 
applying power and retarding, but on crane work this 
is not enough to exceed the safe limits of a motor that 
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of the controllers best suited to the bridge, trolley and hoist under 
various conditions. 

The paper deals fully with the problems concerning the selection 
of ohmic values for the resistors and also covers very completely 
the connection arrangements and resistance values involved in the 
dynamic braking control of lowering loads. 
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is large enough to meet the other requirements of 
starting torque and commutating ability. However, 
on hard worked cranes and hoists, performing a definite 
cycle of operations, such as the hoist of an ore bridge, 
or special cases where loads are hoisted and lowered 
through long distances, the heating due to the dynamic 
braking current should be taken into account in figuring 
the size of motor required. On account of the twofold 
function of the motor, we will consider the question 
of control in two parts. The first will relate to con- 
trollers which are used only where energy is applied 
to the motor to accelerate and move a load, and which 
we will call plain controllers, and the second to those 
in which, in addition to accelerating and moving a load, 
the motor is also used to retard and stop a moving load, 
and these we will call controllers with dynamic braking. 


APPLICATION OF PLAIN CONTROLLERS 


’ Plain controllers are used for either direct or alter- 
nating-current motors, and on cranes are usually of the 
reversing type. The bridge and trolley motions of 
cranes require controllers of this description. On 
hoist motions of cranes, with friction brakes for lower- 
ing, either reversing or nonreversing controllers will be 
required, depending on the design of the brake. The 
first crane hoists were doubtless made with hand- 
operated brakes for lowering, and if the load on the 
hook would overhaul the motor, the speed in lowering 
was regulated by hand or foot, no power being required 
in the motor during lowering. Mechanical load brakes 
have been used for a number of years for hoists which 
are so designed that if the speed of the lowering load 
exceeds that of the motor, friction is applied to retard 
it. This form of brake requires the use of a plain 
reversing controller, but on account of the advantages 
of controllers with dynamic braking on hoists, it is 
now used only in special cases. 

Direct-current motors are most commonly used for 
cranes, for the reason that better starting conditions and 
better speed control can be obtained by their use. 


317 


318 SCHNABEL: ELECTRIC CRANE CONTROLLERS 


Alternating-current motors, usually of the slip-ring 
type, must sometimes be used because the power supply 
available is alternating current, and the expense of 
converting it to direct current may not be warranted. 
On direct-current cranes the motors for all motions are 
usually series-wound on account of their strong con- 
struction, high starting torque and their characteristic 
feature of adjusting their speed to the load. Due to 
friction of gearing, bearings, ropes, etc., there is always 
sufficient load on the motor to prevent over-speeding, 
except on overhauling loads on hoists, for whichasystem 
of control using a series motor will be described later. 
Shunt field windings are seldom used, except for bridge 
or trolley motions where dynamic braking is sometimes 
required. 

Plain controllers for bridge, trolley or hoist motions 
may be either of the manual or magnetic contactor 
type. In general, it may be stated that for small 
motors, or large motors not frequently operated, 
manual controllers are satisfactory. For motors that 
are operated very frequently, or for motors of large sizes, 
magnetic controllers are more desirable for the reason 
that the small and easily operated master switch relieves 
the operator of considerable manual labor, and enables 
him to do more work. Magnetic contactor controllers 
ean also be provided with current limit acceleration, 
and the motors, as well as the machinery, can thus be 
protected from damage due to a careless or too ambitious 
operator attempting to accelerate the motor too rapidly. 

The functions of a controller in connecting a motor 
to the line for operation in either direction are well 
understood. The controller, either manual or magnetic, 
should be designed to open or close the circuits with the 
least amount of wear, and ample provision for taking 
care of the are should be made. The wearing parts 
should be easily accessible for renewals. 

On magnetic contactor controllers it is important 
to have at least two independently operated contacts 
for opening the motor circuit, so that failure to stop, 
due to sticking of contactors, will be minimized. This 
is particularly necessary on hoists, and the addition 
of a hoist limit switch for positively opening the motor 
circuit when the hook block reaches the upper limit 
of travel is desirable from the standpoint of safety to 
workmen below the crane. Failure to stop the hoist 
motor often results in breaking the hoisting cables when 
the hook block strikes the drum or a cross member on 
the trolley, and the hook block falls to the ground. 
Even with no load on the hook, men have been killed 
from this cause. 


CALCULATION OF RESISTOR OHMIC VALUES 


An important point in connection with controllers 
for cranes is the ohmic value of the resistors used with 
them. It is well-known that a direct-current motor can 
not be connected directly across the usual source of 
power until it has developed a suitable counter e. m. f. 
Several factors determine the valuejof the{resistor in 
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addition to the requirements for accelerating the motor, 
gearing and load: 

(1) The starting torque required. 

(2) The speed control desired. 

(8) The protection on reversing controllers when 
“plugging,”’ which is reversing the current in the arma- 
ture while running in order to make a quick stop. 

On bridge motions the torque, and consequently. the 
current, required to start the motor is usually close to 
the full-load torque of the motor. On most cranes 
the ratio of hook load to the total weight of the crane 
is small, so that the load on the hook does not greatly 
affect the starting current required. The fact that the 
load is suspended by ropes also reduces the effect of the 
hook load in starting. On account of uneveness in 
the crane runway, even greater current may be required 
at times. If the resistor for a bridge controller allows 
less than full-load current to flow, the operator may be 
obliged to move the controller several points before the 
motor will start; and there will then be fewer points 
remaining for speed control. A bridge motor is seldom 
“plugged,” the motion usually being checked by a foot 
brake, so that a resistor allowing full-load current is 
satisfactory. . 

On trolley motions the starting torque and current 
vary more in proportion to the load, and a resistor 
allowing less than full-load current is desirable. The 
trolley motor is usually “plugged” for making quick 
stops, and the resistor should limit the current to a safe 
value for the motor under this condition. Low speeds 
with light loads are also necessary on some trolley 
motions where it is necessary to place loads accurately. 
A resistor that will allow half full-load current on the 
trolley motion is desirable from all three points of 
view, viz., starting, speed control and “plugging.” 

On the hoist motion the resistor should allow at 
least sufficient current on the first point in hoisting to 
release the brake, and also to give sufficient torque to 
prevent the maximum load from overhauling, especi- 
ally where there is no mechanical lowering brake. 

The efficiency of a well designed crane may be as 
high as 70 per cent. The torque and current required 
to hoist the full load on this crane will be 1/0.70 or 
143 per cent of that which would be required to hoist 
the load if friction were not considered. In lowering, 
only 70 per cent of the torque, due to the actual load, 
will be available, so that the lowering torque is about 
one-half of the total hoisting torque. (70/143 = 0.49 
or 49 per cent). While the current required on a series 
motor to give one-half full-load torque will be somewhat 
more than one-half full-load current, it is found in 
practise to be satisfactory to use this value of current 
on the first point hoisting, as the motor rating should be 
somewhat more than that required for merely hoisting 
the maximum load of the crane, in order to allow for 
acceleration. 

This value of the resistor will give a fairly low speed 
when hoisting a light load, which is an important con- 
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sideration in a hoist controller. Assuming the light 
load hoisting current to be about one-quarter of the 
full-load current of the motor, and referring to the 
characteristic curve of a Westinghouse No. 7-K d-c. 
series-wound motor rated at 271% h. p., 230 volts, the 
current required would be about 28 amperes. The 
speed of the motor at full voltage with this current 
would be 1200 rev. per min. The value of the resistor 
to allow half full-load current, neglecting the resistance 
of the motor itself, which is comparatively small, is 
about 4 ohms. The voltage drop in the resistor is 
then 28 x 4, or 112 volts, leaving 118 volts on the 
motor. The speed will then be 1200 « 118/230 = 615 
rev. permin. The full speed of this motor is 535 
rev. per min. This will be satisfactory in most cases, 
though there are cases where a much lower speed than 
this may be necessary, as in the case of foundry con- 
trollers where light flasks, or moulds, must be carefully 
lifted to prevent shaking out the sand. For such 
service a higher ohmic value of the resistor may be 
necessary, but if there is danger of the heavy loads 
overhauling, other provisions, which will be referred 
to later, will be required. It is of course possible for 
the operator to move the controller over several points 
in hoisting the heavy load, but in so doing the number 
of speed control points remaining is thereby reduced. 

As a compromise value for the ohmic value of the 
resistor, where the manufacturer may not. always know 
the service in which the controller and resistor will be 
used, about three-quarters of full-load current can be 
allowed to flow on the first point. This will give 
sufficient protection if the motor is “plugged”’ by bring- 
ing the controller to the first point in the reverse direc- 
tion while the motor is still rotating. If the efficiency 
of the motor is 85 per cent, the back e. m. f. of a motor 
wound for 230 volts will be nearly 200 volts (280 « 0.85 
= 195.5). At the moment current is applied to the 
motor in the opposite direction, the line voltage will 
be added to the back e. m. f. of the motor, and there 
will be a total pressure of 480 volts to force current 
through the motor and resistor. The value of the 
resistor to allow three-quarters of full-load current is 
about 2.7 ohms for the motor to which reference has 
been made. The current that will flow will be 
about one and one-half times full-load current (480/2.7 
= 159.3 amperes: 159:3/112.5:= 1.48). It is true 
that on account of the high speed which a series motor 
will reach on light load, there is a tendency for the 
voltage to go to a higher value when the field strength 
is increased by the current that flows when plugging; 
but the speed of the motor will be reduced about as 
fast as the field magnetism will build up, so the above 
voltage may be considered to be about the maximum, 
and it is the voltage that exists at the moment of 
reversal. This current will not damage the motor as 
it must be designed to withstand acceleration peaks as 
high as this. 
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The speed reduction obtained with a resistor as just 
described can be stated as being about 50 per cent for 
average load conditions. In the case of the Westing- 
house motor to which reference has been made, a 
resistor of about 2.7 ohms would be used. A drop of 
50 per cent in the resistor means that the current would 
be 115/2.7 = 42.6 amperes. . 42.6/112.5 = 37.8 or 
about 40 per cent of full load, which may be considered 
average load conditions. The motor would run at 850 
rev. per min. at this load with full voltage, so that the 
actual speed would be 425 rev. per min., since there is 
only half voltage applied to the motor. 

In order to secure lower speeds with light loads than 
can be had with a resistor in the motor circuit, ariother 
resistor is shunted around the armature. On manual 
controllers this can usually be done by adding another 
contact finger and segment. This has the effect of 
reducing the voltage applied to the armature and at the 
same time it increases the field strength. Reductions 
in speed as much as 90 per cent can be secured in this 
manner with light loads. Any value of resistor could 
be used as all of the regular starting resistor is also in 
the circuit, and any speed could be secured by adjusting 
the armature shunt. However, if it is made too low, 
there may be too high a current in the armature and 
this resistor if the controller is quickly brought to this 
point with the motor at high speed. As explained in 
connection with the current values in plugging, the 
back e. m. f. may be about 200 volts. It is customary 
to use a resistor value so that the current will not exceed 
one and a half. times full-load current. For the 
Westinghouse motor already referred to, with a full- 
load current of 112.5 amperes, the resistance would be 
200/168.75 = 1.18 ohms. In practise it could be 
somewhat less than this, as the motor would have 
slowed down somewhat and the back e. m. f. would be 
correspondingly reduced by the time the armature 
shunt point was reached. Adjustment of this resistor 
in the field could be made to suit the actual require- 
ments of speed, load and current allowable. 

The resistor values just described are for manual 
controllers. On magnetic contactor controllers it is 
customary to allow three-quarters of full-load current 
to flow on the first point in order to provide protection 
to the motor when plugging. On most crane control- 
lers full-speed control is used, but the acceleration relay 
for the first resistor contactor should be set to operate 
immediately upon closure of the circuit, so that if 
necessary to secure more torque to hoist a heavy load, 
or for any other reason, the operator can close this 
next contactor by means of the master switch. How- 
ever, the first acceleration relay should be adjusted to 
prevent the closure of this first contactor in “plugging,” 
if the current is much above the current in starting from 
rest, so that the “plugging’’ current will be limited to 
about one and one-half times full-load current as 
previously explained. 
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RESISTOR CARRYING CAPACITY 


The current-carrying capacity of the resistors is 
another point for consideration. While there is a 
number of classifications ranging from light starting 
duty with current on 15 seconds out of four minutes up 
to continuous duty, there are two classifications that 
meet the average crane service. The first is light 
intermittent duty good for one minute out of four 
minutes, and the second is heavy intermittent duty good 
for two minutes out of four minutes. These are both 
on the basis of allowing about three-quarters full-load 
current on the first point. The first is known as the 
Electric Power Club rating No. 53, and the second as 
No. 73. Special cases may require more or less capacity 
in the resistors. Little is saved on small motors by 
reducing the capacity below the heavy duty rating, and 
the use of the heavier duty resistor makes the con- 
troller safer for conditions of operation which cannot be 
foreseen at the time of installation. 

On manual controllers there is considerable advantage 
in having the resistors mounted in the same frame with 
the controlling elements as there is less wiring required 
in the crane cab. In all such cases, however, the 
‘resistors should be easily removable, both as a unit and 
as individual units, so that replacements can be easily 
made. 


CONTROLLERS WITH DYNAMIC BRAKING 


There are two classes of controllers with dynamic 
braking, first, those used for heavy bridges or trolleys 
where in either direction it is necessary to dissipate 
the energy stored in them during acceleration, and 
second, hoist motions where only in the lowering 
direction must the energy stored in the load during 
hoisting be dissipated. In the first case the energy 
M Vy? 

2 ? 
where M is the mass and V the velocity or speed in feet 
per second. This energy is small, on ordinary cranes, 
in relation to the energy required to accelerate and 
drive these motions. ‘“Plugging’”’ is much used on 
trolley motions because of its effectiveness and absence 
of any additional control apparatus. On high-speed 
trolleys of ore bridges, the proportions of this energy 
to the energy for accelerating and running is much 
greater, and a controller with dynamic braking may be 
desirable to reduce the current consumption and pro- 
vide graduated braking to give smoother operation. 
On hoist motions the energy to be dissipated is rep- 
resented by the formula W x S where W is the weight of 
the load in pounds, and S the distance in feet the load has 
been lifted. In lowering, friction of the gearing, bearings, 
ropes, etc., absorbs part of the energy stored in the 
load. On a crane hoist having an efficiency of 70 per 
cent, it has already been shown that the torque in 
lowering is about one-half that required in hoisting, 
so the energy is in like proportion. 


is represented by the well-known formula 
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Direct-current motors are best adapted to all forms 
of dynamic braking control. A series-wound motor 
is not well suited for controllers of. the first class, where 
the braking is required in either direction of travel. 
A series generator is not a very stable machine, espe- 
cially when operating under widely varying speed and 
torque conditions. Furthermore, the switching of 
connections necessary to cause the current to flow in 
the armature and field in the proper directions for 
either running or braking, whether in the forward or 
reverse direction of the machine, makes a complicated 
controller. By using a compound motor the shunt 
field will give the initial magnetism in the field without 
regard to the speed of the armature, which is not the 
case with the series field. It is usually sufficient to 
use only the shunt field excitation, and the dynamic 
braking connections are simple, as it is only necessary 
then to connect a resistor around the terminals of the 
armature. This resistor may be variable to give 
graduated braking torque. If it is necessary to 
include the series field in the dynamic braking circuit 
in order to get increased torque in braking, the shunt 
field should also be used to give the initial magnetism 
in order to cause the dynamic braking current to 
build up promptly under all conditions of speed. It 
is of course possible to excite the series field separately 
from the line, and so to have the same advantage as 
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if a shunt-wound field were used, but waste of power 
in the resistors necessary to do this is objectionable. 
Usually it is desirable to continue the dynamic braking 
action at the “off” position of the controller, and in 
such cases means must be provided for automatically 
disconnecting the series field from the line when the 
motor has about come to rest, which complicates the 
controller. Where a series motor must be used, a 
so-called “teaser” circuit can be applied to the series 
field, so that a small percentage of full-load current 
will flow that will enable the motor to build up the dy- 
namic braking current. There is still the objection 
that such a controller is complicated, and simpler 
means are usually to be preferred. 

A simple arrangement for securing dynamic braking 
with a series motor operating in either direction is to 
use a resistor shunted around the armature as described 
in connection with plain controllers. The armature 
will force current through the resistor acrossits terminals 
until it has slowed down to a point where its back 
e. m. f. is equal to or below the voltage applied to it, 
and it will then continue to run at a greatly reduced 
speed, so that it can easily be stopped by disconnecting 
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it from the line. A magnetic friction brake may be 
necessary finally to stop the motor, but on account 
of the greatly reduced speed the energy to be absorbed 
by the brake is small. Several points of shunted arma- 
ture, obtained by varying the resistance, should be 
used to enable the speed gradually to be reduced without 
exceeding a safe current in the armature. 

Alternating-current motors are not well adapted for 
use on motions requiring the motor to be used for slow- 
ing down and stopping. It requires direct current for 
energizing the primary circuit during braking, and where 
alternating-current cranes are installed, no suitable 
provision for direct current for this purpose would be 
available, nor would the braking action be as effective 
or as easily regulated as in the case of the direct-current 
motors. 

It will be seen that this class of controllers with 
dynamic braking will usually require some application 
of power from a source outside the motor to give 
proper braking action. If failure of the power supply 
should occur at the moment the retarding action was 
to be applied, either in plugging, dynamic braking or 
applying a shunt to the armature, failure to stop the 
motor may cause an accident. Where a series field is 
connected in the dynamic braking circuit there would 
be a continued braking action, provided the conditions 
of speed had been such as to cause it to begin. But, 
especially in magnetic controllers, which require power 
to close the contactors, failure of the controller to 
close the proper circuits may also result. Therefore 
in all cases where there is any hazard involved if the 
motor cannot be stopped through its own action, it is 
advisable to use a friction brake also. A _ series- 
wound brake is always the safest, but if the fluctuations 
in current are too great to permit a series brake to 
be used, a shunt-wound magnetic brake should be 
used for safety. If this is connected across the line 
permanently, so that it sets only in an emergency, 
the wear on it will be negligible, and it will be in good 
condition to perform its function as a safety device if 
occasion demands it. 
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DYNAMIC BRAKING LOWERING 


It is on the hoist motions of cranes and similar ma- 
chines that controllers with dynamic braking find their 
greatest application. Since the advent of the present 
system of control here described, in which the con- 
troller applies power for lowering light loads, as well 
as enables the motor to regulate the lowering of heavy 
loads, the various forms of mechanical lowering brakes 
for direct-current cranes have been practically elimina- 
ted, together with the expense for their maintenance 
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and adjustment.. A series motor has always been 
considered ideal for the hoist motion. It lends itself 
readily to the requirements of dynamic braking in 
lowering, for the reason that its back e. m. f. is in the 
right direction for lowering without complicated 
switching connections in the controller. 

In the simple diagram shown in Fig. 1, the current 
in hoisting flows in the direction of the full arrows. 
The back e. m. f. of the armature is, of course, in the 
opposite direction as shown by the dotted arrow. In 
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Fig. 4 


lowering, thearmature will rotate in the reverse direction, 
and the back e. m. f. will be opposite to that first men- 
tioned and current will flow in the same direction as 
it would in hoisting. This fact helps to simplify the 
circuit connections required in changing from hoisting 
to lowering. The connection between one side of 
the armature and one side of the field is fixed, and this 
lessens the chances of an open circuit in the controller 
or wiring of the crane. To complete the dynamic 
circuit for lowering, we refer to the diagram in Fig. 2. 
The circuit is closed through a variable resistor 
R-1, so that the speed in lowering may be regulated. 
The value of this resistance depends on the speed de- 
sired. The current in the circuit varies with the over- 
hauling load. This circuit is not yet complete, as on 
an electric crane provision must be made for lowering 
the empty hook, which may not overhaul the hoisting 
mechanism. This requires application of power from 
the line, and we add to the circuit as indicated in Fig. 3. 
The series field will now be separately excited from 
the source of power, and under any condition of load 
on the hook, a definite amount of field excitation will 
be assured to enable the armature to generate current. 
In starting from rest, current will flow in the armature in 
the direction indicated by the full arrow, and will 
continue in that direction until driven by an overhaul- 
ing load sufficiently heavy to overcome the friction 
of the hoist, and to drive the armature at such a speed 
that its generated e.m.f. will be greater than that 
applied to it, when current will flow in the opposite 
direction. The field strength, and consequently the 
speed of the armature with any load, depend on the 
value of resistance R!. In practise this is found to 
be about one-half full-load current to give the necessary 
speeds for light and heavy loads. This same resistor 
can be used in the hoisting direction, for it meets the 
requirements of starting and speed control as explained 
in connection with plain controllers mentioned in the 
first part of this paper. It will be easily seen that the 
essence of this system is to excite the series field sepa- 
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rately, and so obtain somewhat the characteristics 
of a shunt-wound motor, which is easily convertible 
into a generator. There is a great advantage, however, 
over a shunt motor in the fact that once the motor is 
started it can easily supply its own field excitation, 
even at low speeds, because of the variable resistor F’, 
and thus failure of the supply voltage does not cause 
the loss of ability to slow down and stop the motor. 

In Fig. 3, no provision is shown for limiting the cur- 
rent in the armature during acceleration. This is 
provided by another resistor, R?, which is connected as 
shown in Fig. 4. 

This is also a variable resistor, and by the connec- 
tions employed it is cut out of the armature circuit and 
into the field circuit, thus giving greater variation in 
the speed control. The connections shown are for the 
last point of the controller, the arrows being considered 
as moving along the resistors from points marked 
“F’”’ to points marked “‘L”’ as the controller is brought 
to the full-speed position. The ohmic value of resistor 
R? should be sufficient to limit the current at the start 
to suitable amounts in the two parallel circuits, viz., 
armature and field, to give enough torque to start the 
motor. 
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It is necessary to use a magnetic friction brake for 
holding the load suspended, and also for bringing the 
load to a final stop. 

Dynamic braking can reduce the speed of a lowering 
load to a low value, it is true, but never to a definite 
stop if there is an overhauling load. A series brake is 
used on most hoists because it offers the greatest pro- 
tection if the motor circuit opens accidentally. It is 
also quicker acting than a shunt brake and requires no 
additional control wires. It is connected in the field 
circuit as shown in Fig. 5. 

It will be noted that there is an unbroken circuit 
from one side of the armature through the series field 
and brake in either hoisting or lowering, so that the 
chances of losing the dynamic braking circuit by any 
failure in the circuit-closing contacts of the controller 
are limited to the connection between the other side of 
the armature and the brake. On magnetic controllers 
a spring or gravity closed contactor EH is connected in 
the circuit so that any failure of voltage, or the failure 
of the hoisting or lowering contactors themselves, will 
cause the closure of a safety dynamic braking circuit 
independent of the regular controlling circuits. On 
manual controllers a similar connection is made in the 
controller at the “off” position. 

It will be noted in Fig. 5 that another resistor R3 
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has been added. This is necessary in order to secure 
the release of the brake under all conditions. On a 
manual controller especially, if the resistor R? were cut 
out too rapidly, the armature might not accelerate 
quickly enough, and being in a parallel path with the 
field and brake, would take most of the current if this 
resistor R? were not used. The brake would not release 
and with the low field current the armature current 
would reach a high value. The addition of resistor 
R causes a more equal division of the current at the 
first point when starting, and insures the release of the 
brake even when the operator moves the controller 
on rapidly. This resistor R* also limits the current 
when the controller is brought to the “off” point 
quickly, and when the emergency circuit is closed. 
Theoretically this resistor should be gradually cut out 
of the circuit until at the full-speed position the arma- 
ture would be directly across the line. If this were 
done, the speeds in lowering light and heavy loads 
would be very nearly the same, and on the heavier 
overhauling loads some current might be returned to 
the line. On manual controllers, however, the expense 
of the additional contact devices necessary is not 
warranted. On magnetic controllers such provision 
can more easily be made by the addition of the neces- 
sary contactors, and means can also be easily provided 
for insuring the release of the brake before the resistor 
is short-circuited. However, it has been found that 
unless a certain amount of resistor R? is left in the cir- 
cuit, there will be a tendency for the motor to “hunt,” 
or have an unstable speed for a time, due no doubt to 
the high armature current flowing at this time, while 
the field current is comparatively low. 

If the current in the field on the last point is limited, 
by the combined resistors R! and R?2, to one-half full- 
load current, and the resistor R? adjusted to give proper 
operation of the series brake, the speed in lowering the 
light hook is about 114 times the rated full-load speed of 
the motor, while the speed in lowering the full load of 
the crane is about 214 times the rated speed. These 
values may vary with different conditions of friction, 
number of reductions in gearing and ropes, and the 
size of the motor with reference to the load upon it, 
but the ratios stated are for average conditions. The 
light-hook speed can be increased somewhat by using 
a weaker field and cutting out part of the resistor R3 
as indicated, but this adds considerable expense for the 
additional apparatus and is necessary only in special 
cases. A shunted armature connection can easily be 
added for the hoisting direction when necessary to 
secure unusually low speeds at light loads, as already 
explained in connection with plain controllers. 

It should be noted that the combined action of 
dynamic braking and the friction brake at the ‘off’ 
position gives double protection in preventing the load 
from lowering. This combined effect is had also with 
magnetic controllers in case of failure of voltage or 
failure of the hoisting or lowering contactors to close 
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and remain closed at the proper time. On manual 
controllers failure of the voltage will not cause the 
opening of the dynamic braking circuit as in the case 
of the magnetic controller. The fact that there is 
always a dynamic braking action at the “off” position 
relieves the friction brake of a great part of the work of 
bringing the motor to rest. In this system of control, 
the fact that the number of places is few at which it is 
necessary to open the circuit in changing from hoisting 
to lowering, makes it a very safe system of control for 
hoists. All these points haye been well proved by the 
number of controllers of this type now in use. In fact, 
it has become the standard system of control for the 
hoist motion of direct-current electric cranes. 


Discussion 


OF ELECTRICAL APPARATUS FOR 
CRANES (McLain) 
AUXILIARY ELECTRICAL EQUIPMENT FOR MOTOR- 
OPERATED CRANES (Eastwoop), anp 
ELECTRIC CRANE CONTROLLERS (Scunasez), 


C. A. Bird: Referring particularly to Mr. Eastwood’s 
paper on brakes, we might add the subject of weather-proof 
coils. Cranes at steel mills usually are used out of doors, and 
are subjected to weather conditions that are rather severe, and 
the design of the brake might be well considered along the same 
lines as those of the motor. This will refer to the linings as well. 


On the limit switches, I have seen a lot of well-known 2 by 4 
type short-circuit in the armatures and reduce the efficiency of 
the motor. 


I cannot understand why the dynamic braking type is not 
used more than it is. It is certainly a device that will give the 
protection that is desired on crane hoists. 


On erane protecting panels, there is no question but that they 
are being used more and more. They provide a very convenient 
means of combining all the devices for protection of cranes 
all in one unit. The practise now is to enclose the steel panels 
in a steel cabinet and lock it so the operator cannot interfere 
with the setting of the relay. 

H. D. James: Mr. Eastwood states: “It is difficult to 
secure more than a 65 per cent speed reduction when lowering a 
heavy load without dangerously overloading the field windings.”’ 
These data seem to be based on the assumption that in dynamic 
brake lowering not more than full-load current can be passed 
through the fields. Well designed motors will stand more cur- 
rent than this and in many cases 150 per cent full load may be 
used. The minimum speed obtained with any particular motor 
depends upon the combined design of the motor and controller. 
Where low speed is an important factor, it is very desirable for 
the engineers designing the control to work in close contact with 
the motor designers in order to obtain the best results. 


Under the head of A-C. Magnetie Friction Brakes, the as- 
sumption is made that the lowering speed under load will not 
materially exceed the synchronous speed of the motor. This 
assumption is true only when the secondary of the motor is 
short-circuited. Much higher speeds can be obtained with 
resistance in the secondary if a load brake is not used. For 
ordinary shop cranes the most common and perhaps the best 
practise at the present time is to use a load brake. 

Dynamic braking for a-c: hoist motors may be obtained in 
any of four ways: (a) Exciting the stator with d-c. power; 
(b) Using a two-speed motor; (ce) Plugging the motor in the 
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reverse direction with resistance in the secondary for varying 
the slip; (d) The use of a frequency changer in the primary. 

All four of these methods are in successful operation but are 
not ordinarily applied to cranes. 

The d-c. system of dynamic braking provides for motor opera- 
tion at low speeds where power is required to lower the hook. 
As soon as the load changes from positive to negative, the 
motor speeds up and the braking operation automatically takes 
place without changing the motor connections. This arrange- 
ment permits the gradual lowering of the hook under all condi- 
tions of load. When a-c. motors are used the use of d-c. power 
in the field or of plugging the motor does not provide for the 
gradual lowering of the hook without changing the motor con- 
nections. The two-speed motor might be designed to give the 
desired minimum speed on the low-speed connection but or- 
dinarily this connection gives too high a hook speed. The use 
of a frequency changer in the primary will give the desired low 
hook speed but involves additional machinery on the crane. 
In view of these limitations the load brake seems to be the most 
desirable practise at the present time. 


I agree with the author that every crane should be equipped 
with a limit switch that opens the main motor circuit at the 
upper limit of travel and is operated by the block or hook. In 
many cases the head room under the erane isso limited thatit is 
difficult to avoid running into the limit switch and I see no 
reason why this switch should not be designed in as durable a 
manner as the other portions of the control equipment so that it 
will withstand repeated operation. 

I do not believe that the design should be arranged to cause 
inconvenience to the operator in resetting this switch, particu- 
larly where the head room of the crane is limited. We have 
crane equipments in our own factory where the limit switch 
must be operated on nearly every hoist motion. This is an 
extreme case but there are many other applications requiring 
the frequent operation of the limit switch. If we require the 
trolley to be run over to the cab in order that the operator may 
reset the limit switch we impose a hardship and where this 
operation has to be performed with a heavy load on the hook we 
may introduce a hazard out of proportion to the results obtained. 

Elevators and other hoist devices similar to cranes are pro- 
vided with a durable limit switch which may be operated every 
time the car reaches either limit of travel. 

It seems to me that in condemning the use of springs the author 
is condemning all control apparatus. I do not know of any 
normal design of control where springs are not relied upon for 
maintaining contact pressure between the current carrying 
elements of the switching mechanism. A failure of these springs 
might result in serious accidents.. The reliable operation of 
control apparatus is a proof that springs when properly designed 
are reliable. There is no mystery about the proper design of 
springs. They are composed of the same kind of material we 
are accustomed to using in other parts of the design and under 
other conditions. It is well known that if the fiber stress in the 
metal, whether it is a spring or some other part of the apparatus, 
is in excess of a safe limit that breakage may result. The spring 
failures can usually be traced to improper design. A great many 
springs are not accurately calculated but are the result of a cut- 
and-dried process. The calculations of a spring are more difficult 


‘than an ordinary beam and some designers have not had the 


necessary experience to properly determine their fiber stress. 

I am a strong advocate of the use of springs instead of gravity 
as they have very little inertia, are compact and can be worked 
into a design to much better advantage. They are not affected 
by vibration. The magnet brakes we use for holding crane 
loads are set by springs. Why discriminate against the use of 
a spring as the actuating means of a limit switch when we use 
springs in the current carrying parts of this limit switch and we 
use springs for setting the magnet brake which is operated by 
the limit switch and use springs in all other portions of the equip- 
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ment including the motor brushes which form part of the dyna- 
mic brake eireuit? I do not feel that I can express myself too 
strongly on this point. 

P. Trombetta: I don’t quite agree with the gentleman that 
just spoke in that a spring is like a beam. The making of a 
beam does not involve the process of hardening and proportion- 
ing the carbon, ete., while making a spring is almost a matter 
of art. There are only certain companies that make springs, 
and sometimes you cannot even rely on those springs. I know of 
an instanee where a company tried to make springs by them- 
selves for use in a certain truck; they tried for several years, and 
so far as I know, never succeeded in making two springs alike. 
Probably every one of them gave trouble when they were in 
use, and I can’t see how the spring may be compared with a 
beam. I must agree with him, however, that perhaps too little 
attention is given to their design, and also that the spring in a 
good many eases is the only solution of the problem, because it 
does not introduce additional masses which have to be accelerated 
whereas balancing by gravity, by eliminating one difficulty, we 
insert another, which is inertia, and you often find that the cure 
is worse than the disease, and consequently we may state that 
the spring has certain places as well as gravity has certain places 
in engineering and there are certain applications where only 
gravity can be used, for instance, in elevators, springs would be 
the best thing there is for such services, but we can’t hope to 
find a spring that would be as long as an elevator shaft. It must 
be understood however, even elevator balancing weights are 
very detrimental since they must be accelerated and retarded 
just as the elevator itself. 


Albert J. Acker: Mr. Eastwood made a statement that a 
band brake doesn’t exert a braking torque in the hoisting 
direction, that, is, with the motor armature operating in the 
hoisting direction. That is true if the band is anchored at one 
end only, but it is possible to make a band brake with both ends 
attached to the lever and have it exert equal torque in both 
directions, and therefore stop the motor just as promptly when 
it is revolving in the hoisting direction as it does in the lowering 
direction. A further advantage in such an arrangement is that 
the same band can be put on the intermediate shaft brake or the 
second shaft brake, and anchored at one end and give inter- 
changeable brake parts for both of those brakes. 
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About limit stops, Mr. Bird stated that he eouldn’t understand 
why the dynamic braking limit switch is not more widely used 
than it is. I think I can answer that question. The reason is 
because there are so many varieties of cranes, so many different 
numbers of parts of rope, two parts, four, six, eight, ten parts, 
and all the different styles of lowering blocks, and it is difficult 
to put on those dynamic braking limit stops in many cranes. 
That is, to find the room to put them. In two respects, it is 
difficult to find a place to put them on the trolley itself, and it is 
difficult to hang the operating or tripping mechanism above the 
lowering block. 


Another difficulty with limit switches is that the crane hoist 
is so frequently used for something else besides hoisting; to 
pull a ear or to drag something along the ground, and the rope 
is pulled off at a sharp angle, and any mechanism that is put 
above the lowering block is likely to be bent or broken when the 
crane is used in these unusual ways. You all know that that 
is done very frequently. In an attempt to make a limit 
switch that could be tripped by the lowering block and yet not 
be rigid, so when the rope is pulled off at an angle it won’t 
break, the scheme of using a mercury tube has been tried, the 
idea originating from its application to rubber calendar work. 
You may know that a rubber calender is very dangerous to 
operate and there is usually a board across for a man to butt his 
head into for a quick stop if he eatches his hands. This board 
trips a switch of some kind. Mercury switches have been used 
for that purpose, a little tube no larger than a 30-ampere fuse 
with contacts arranged in it, and a little puddle of mereury. If 
it is tipped one way it makes a contact, and if tipped the other 
way it breaksit. That same tube applied to a crane limit switch 
works out well in many instances. It ean be put in a little box 
with an arm sticking out from it and hung so the lower block 
coming up must tilt that lever arm. Now that ean be hung 
perfectly free and no matter how the ropes pull off, it cannot be 
bent or broken, yet when the lowering block comes up and tilts 
it, it will trip the limit switch. Of course that will have to 
operate on control circuits, not on the main circuits. For some 
cranes this is a valuable idea, because it is so difficult to bend or 
break. 


It is possible to get on the market now a tube filled with inert 
gas so the contacts don’t blacken after many makes and breaks. 


Electric Power Application to Passenger and Freight 
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This Committee has been requested to report on the application of electric power to passenger and freight elevators. 
An enormous amount of electric energy is used for the operation of elevators and it is therefore fitting that the problem 
be studied from a power economy standpoint as well as from the more important standpoint of protection to life and limb. 
It is assumed that the reader knows little of this subject and that practically nothing up-to-date has been published. 
It is not believed that the reader will be particularly interested in accurate technical details, but that he will want to know 
the range of application of elevators, their motors, controllers and all safety appliances as represented by best present 


practise. 
Included in this report are six chapters as follows: 
I. History and service requirements. 


II. Types of elevator machines and the limitation of each. 
Charateristics and limitations of d-c. and a-c. motors. 


BET. 
IV. Elevator controllers. 

V. Brakes and other safety accessories. 
VI. Power consumption. 


I—HISTORY—SERVICE REQUIREMENTS 
HISTORICAL 


HE history of the elevator dates back to 236 B. C. 
which date is mentioned by Vitruvius de- 
scribing an elevator built by Archimedes in that 

year. This “elevator” was operated by man-power 
applied to a capstan revolving a drum on which hoisting 
ropes were wound. 

According to Prof. Coburn, of Philadelphia, who has 
made extensive archaeological studies in Palestine, 
the palace of Nero had three elevators. 

It is reported that Prof. Commadatore Boni, the 
celebrated Italian archaeologist, while exploring some 
underground passages near the north rostra of Caesar, 
discovered twelve small galleries which he claims are 
traces of a former system of elevators, as in each room 
there are grooves through which ropes passed and 
stone supports for wooden poles are fixed vertically 
inside the passages. 

An early mention of an elevator is made in a letter 
of Napoleon I to his wife, the Archduchess Maria 
Louise. 

A Brussels paper not long ago stated that the appa- 
ratus which takes an occupant from the ground floor 
to the top of a building in a few seconds is not a new 
invention, as an ingenious contrivance was constructed 
in the seventeenth century by Velayer of Paris who 
called his invention “the flying chair.” It was not 
merely a toy but became very fashionable among the 
rich people on account of its utility. It consisted of a 
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chair hung by a rope passing over a pulley and counter- 
balanced by a weight. It continued in operation 
until a serious mishap occurred to the King’s daughter 
at Versailles. 

No doubt the elevator as we know it evolved from the 
so-called‘‘ flying chair.”” Only since 1850. has real 
progress been made in elevator. development. In 
that year George H. Fox made an elevator operated by 
the motion of a vertical screw, the nut being carried 
on the cage. 

The steam elevator, now practically extinct, was 
introduced over half a century ago. This stimulated 
increased building heights but successful service was 
limited with this type of machine. About 1880 the 
hydraulic elevator came into use and it practically 
superseded the steam machine at that time. However, 
building heights were limited by brick bearing. walls 
inasmuch as steel-framed structures were not known. 
The introduction of steel building frames made the 
limit of building heights a commercial rather than an 
engineering problem. 

The electric elevator was invented about 1885 and 
the first installation was made in 1887, but it was not 
developed sufficiently for extensive use until approxi- 
mately the year 1893. Still, many hydraulic ele- 
vators were installed, although many were equipped 
with electrically driven pumps. Even with this ar- 
rangement the hydraulic elevator consumes more power 
than the electric elevator. During the past ten years 
there has been.a decreasing number of hydraulic ele- 
vators installed. The electric machine has practically 
superseded all other types. This is true because the 
electric elevator is more readily equipped with suitable 
safety features, it occupies less space in the building, 
its initial cost is less, it is more easily controlled, and 
the power consumption and repair bills are smaller. 

It is estimated that in any large city more people 
are carried daily by passenger elevators than by all 
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street cars and subways combined. It is extremely 
important therefore that elevator travel be safe. It 
is almost equally important that for the service re- 
quired the electric power consumption be reduced toa 
minimum. 


SERVICE REQUIREMENTS 


1. General Requirements. The initial elevator prob- 
lem is one of service. So many factors enter into this 
problem that each individual case must be considered as 
a separate problem in itself. However, some accepted 
general rules may be stated for the guidance of ele- 
vator selection. 

The service to be rendered depends upon the number 
of passengers, or the weight and bulk of freight to 
be carried, and upon the number of floors served. It 
is limited by the time taken for loading and unloading 
as well as by the time consumed during acceleration 
and retardation, and by the time consumed during 
travel at full speed. 

For many stops per car-mile the important factors 
are quick starting and stopping, and quick loading and 
unloading. For few stops per car-mile the more im- 
portant factor is higher running speed. In many 
installations accurate stopping is also extremely 
important. 

We can consider elevators as vertical railways, 
running express or local, as the service may require, 
and when they are so arranged that they carry the 
number of people that arrive at or depart from the 
building in a given time, and distribute them on the 
various floors, or bring them to the street level, the 
elevator service may be considered 100 per cent of that 
required. The same applies to material-carrying 
elevators relating to the service of delivering incoming 
and outgoing material so that it does not accumulate 
anywhere. 

In order to give passenger elevator service in a 
building, it is necessary to consider the number of 
persons that enter and leave the building, morning, 
noon and night, and also the number of people that 
enter and leave between these times. 

The building height and floor area are not the only 
things that are needed to determine elevator service, 
although they must be considered in connection with 
the local regulations with reference to speed. 

The elevators must have a given capacity in pounds 
and should be capable of running at a certain maximum 
speed with this load. 

The passenger elevator car should be constructed with 
reference to its opening towards the hall so that a 
number of persons can enter or leave at the same time, 
making a car rather shallow in depth, but wide. The 
dimensions of a_ freight elevator car depend much 
upon the material to be handled, but quick loading and 
unloading should be a consideration in the determina- 
tion of the car size. 
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Elevators should be capable of accelerating and 
retarding as rapidly as local power conditions will 
permit with, however, due consideration of effect on 
passengers and power consumption during starting and 
stopping. . 

The number of elevators required of the express or 
local type should be determined from the number of 
people that it is necessary to carry per hour, and the 
grouping of these elevators should be considered with 
reference to the entrance to the street or streets so 
that the movement of traffic may be distributed to best 
advantage. 


Elevators should be durably and economically con- 
structed, so that if ordinary care is exercised in their 
maintenance, only small inexpensive, interchangeable 
parts need be replaced in order to keep the elevators in 
fit condition for continuous service. The major parts 
should last indefinitely without replacement. 


The direct-current elevator was the first to be per- 
fected because of the fact that we had no suitable a-c. 
motor for elevator service prior to 1905. Even after 
the development of the a-c. induction motor the d-c. 
motor was better suited to elevator service due to the 
ease with which speed control can be obtained under 
varying loads. However, it has been found difficult to 
obtain direct current in outlying sections of our cities 
especially, and in some cities direct current is unob- 
tainable. It is therefore necessary to use such power 
as is available, and in the application of the alternating- 
current motor to elevator work of the higher speeds, it 
has been found that it cannot compete with the direct- 
current motor in the present state of the art due to the 
inherent characteristics of the single-speed induction 
motor. There are, however, several types of multi- 
speed alternating-current motors especially designed 
for elevator service that are performing very satis- 
factorily on speeds up to about 300 ft. per min. and 
when properly installed, the service given is comparable 
with the direct-current elevator of the same speed. 
However when applied to higher speeds, a number of 
complications arises because the alternating-current 
motor does not lend itself to the refinement of control 
possible with the d-c. motor. 

2. Speeds and Capacities. Heights of buildings are 
not limited by weight and speed limitations in elevator 
equipment. Elevators have been built for speeds up 
to 700ft. per min. for passenger service, up to 30,000 
Ib. lifting capacity for freight service, and up to 100,000 
Ib. for special forms of electric hoists such as car 
dumpers. 

The speed of the elevator for any particular service 
is very difficult to determine satisfactorily to everyone 
as it is more often personal opinion than engineering 
judgment that decides this detail. 

As a general guide for estimating, the following 
will serve as representative of present practise: 
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Passenger Service—Office Buildings, etc. 


Total Travel Maximum Car Speed 


Feet Ft. per min. 
0 to 50 50 to 300 
50 to 75 300 to 350 
75 to 100 350 to 400 
100 to 150 400 to 500 
150 up 500 to 550 


Express service—550 to 600 ft. per min. 

The above is for direct current and for operator- 
controlled cars. For automatic push-button service 
300 ft. per min. is usually considered the limit of speed, 
as the automatic elevator is inherently a time waster 
inasmuch as the person within the car has complete 
control and runs the car without regard to the floor 
demands. It should be noted that 700 ft. per min. is 
not given in the table principally due to the fact that 
many state and city codes limit the speed to 600 
ft.permin. For alternating current 400 ft. per min. 
is considered the limit although very extensive develop- 
ments are being carried out at the present time by 
many manufacturers, the results of which they hope 
will make it practicable to use a-c. motors in connection 
with elevators traveling at a higher rate of speed. 

The values in the above table are entirely dependent 


upon the average number of stops per mile of car travel. 


For example, in department store service where stop- 
ping at every floor is required for sales reasons, 350 
ft. per min. is the maximum desirable speed because 
above this the car would not attain full speed between 
floors and therefore would give very inefficient opera- 
tion; 250ft. per min. is about the accepted correct 
average speed for this service. In office buildings of 
eight stories or less, the number of stops per mile 
generally ranges from 150 to 200. In office buildings 
above eight stories the number of stops will range from 
125 to 175 per mile for local service, while for express 
service we can expect 50 to 150 stops depending upon 
whether service is given to several upper floors or to 
only a club or restaurant on one floor. 

The capacities of passenger elevators vary from about 
1000 lb. in residences to 5000 Ib. in department stores, 
and from 2000 to 3000 lb. in office buildings. The 
capacity determines the car size which should be of 
sufficient floor area to provide not over 75lb. per 
square foot. This is an accepted standard throughout 
the United States. 

The number of elevators required to supply a given 
service is very difficult to determine accurately because 
each building is an individual problem in itself, due to 
the large variation in the demands such as internal 
traffic, insurance office traffic, consulting office traffic, 
ete. Consequently we can use only similar buildings 
for estimating an approximate average. The following 
method may be used as a guide for determining the 
number of elevators required in a building of known 
dimensions. 
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The population can be estimated from the rentable 
area as follows: 

New York City—75 to 100 square feet per person. 

Other large cities—100 to 180 square feet per person. 

Small cities—125 to 150 square feet per person. 

Total travel in feet if not known can be estimated 
by assuming 1714 feet for the first floor and 1214 feet 
between other floors. 

Floor area of car platform: 

27 sq. ft. for 2000 lb. for medium height buildings. 

33 sq. ft. for 2500 lb. for standard office building 
capacity. 

40 sq. ft. for 3000 lb. for special service where a lift 
for safes is required or the -time schedule of 
leaving the first floor is not a feature. 

The normal capacity of a car in passengers without 
crowding is determined by allowing two square feet 
per person including the operator. 

The estimated time for synchronizing the cars, loss 
in time due to accelerating and retarding, loading and 
unloading at the first floor is 2714 seconds. The esti- 
mated time for accelerating and retarding, loading and 
unloading for each floor above the first is 7 to 8 seconds, 
or if positive door locks are used, 8 to 10 seconds. 

The estimated time required to empty the building. 
above the first floor usually ranges from 40 to 60 
minutes. 

The following is an example of an office building 
calculation for New York City. 


Rentable area above first floor.............. 190,000 sq. ft. 
Travel first to sixteenth floors—All local....... 192 ft. 
Car capacity. 2500 Ib. 33 sq. ft............. 15 persons 


PS POCUMOM ICA teem eee ts fires a 550 ft. per min. 
Positive door locks used 

Time required to empty building............ 
Estimated stops per mile of travel........... 
Estimated sq. ft. per person in building........ 
Population of building = 190,000 + 80...... 

Number of trips to empty building = 2375 


150 stops 
80 square ft. 
2375 persons 


Se OE NGARA SPOUT: Sate topes © cee 159 trips 
Time lost. Stops at first floor = 27.5 + 2.... 29.5 sec. 
Actual running time per round trip 

= Sele SOY TT ico Cite ee 42 sec 

550 
Total round trip travel = 2) >< 192).).......... 384 ft 
The average number of feet between stops 
SS 2 OAS Faken alts oun ci atatate hin AREER a 35 ft... 


Number of stops above first floor = 384/35 — 1 10 stops 
Stopping time above first floor = (7% + 2) 


KIO LS & a inet Ga eats ek: 95 sec. 
Total time of round trip = 29.5 + 42 +95... 166.5 see. 
Total FumeiGtsPOUBG WEI. 34 oc vicls.s shan 2» boa 234 min. 
Time required for one elevator to empty the 
buildmg: = W598) << 23452552. 437 min. . 


Number of elevators required: ia ‘aaipts, ‘die 
ing in 45 minutes X 437/45............... 
From the above it will be seen that during the rush 

hours ten elevators with a capacity of 2500 lb. at 550 


10 elevators 
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ft. per min. will give approximately 17-second service 
leaving the first floor. For the other hours of the day 
eight elevators will handle the traffic and give 20-second 
service from the first floor. If 15-second interval 
service is required eleven elevators will be necessary. 
This question of time interval must always be checked 
before definitely determining the number of elevators. 


These calculations can only represent average con- 
ditions as the human element enters into the problem 
to a considerable degree. For example, the time the 
car will be stopped at a floor varies from 4 to 12 seconds 
depending mainly on the characteristics of the people 
served. 


On page 59 is given a table of speeds for various 
rises as representative of present practise. It is inter- 
esting to note the effect of a change in speed upon 
the passenger-carrying rate and upon the power con- 
sumption per car mile. 

Since an elevator doing local service in an office 
building of fifteen stories or less spends nearly as much 
time in starting and stopping as in running at full 
speed, the energy consumed in accelerating and re- 
tarding becomes an important factor. The energy 
required to accelerate to full speed is present in the 
moving system in the form of kinetic energy, but with 
most methods of control in use very little of this energy 
is recovered in stopping. The energy that must be 
stored in the machine, car, counterweight, cables, 
etc. for each start depends upon their mass times 
the square of the velocity to which they are accelerated. 


It is, therefore, evident that increased car speeds 
must be accompanied by a considerable increase in 
the power consumption per car mile. It remains to 
be seen what effect a change in car speed will have 
upon the carrying rate of the elevator. 

For the sake of comparison the foregoing office 
building calculation will be analyzed for a car speed 
of 450 instead of 550 ft. per min. 

All other values except the following remain the 
same as before: 


WpeodnOnssalin yr sl gh RA Be Ged Nk ot 
Actual running time per round trip 


450 ft. per min’ 


_ 2 X 192 x 60 s 

= pee 7 Waa ROL hy She ater as eres 51.3 sec. 
Total time of round trip = 29.5 + 95 + 51.3. 175.8 see. 
Totalstimouor Pound: tripis. succor a7 wkveno oR 2.93 min. 
Time of one elevator to empty building = 159 

ED Dae een ck AR OR ee On cs Pe ee ee 465 min 
Time required for 10 elevators to empty the 

building's. (04 5,..0:.0 eer hi tn is a Se 46.5 min. 
Intervalof Services 0k aente «che aves 17.58 sec. 
Estimated car miles per day (10 elevators) ..... 120 ear miles 
Estimated car miles per year (10 elevators).... 36,000 car miles 
Estimated kw-hr. per car mile saving by using 

450 ft. per min. instead of 550............ 0.8 kw-hr 
Kw-hr. per year saved = 0.8 X 36,000 ...... 28,800 kw-hr 
Dollars per year saved at $0.01 per kw-hr...... $288 .00 
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The amount of saving per car mile due to the reduced 
speed may vary as much as two-to-one in individual 
cases. The above figures are merely given as an illus- 
tration and not as a guarantee in any sense of the word. 
The price of power at $0.01 per kw-hr. is given so that 
knowing the power rate in any locality the saving may 
be easily calculated. 


The above analysis shows that the decrease in 
speed increases the time required for the ten elevators 
to empty the building from 48.7 to 46.5, or 2.8 minutes, 
and increases the time interval from 16.65 to 17.58 
seconds, or less than one second. 


The use of the lower-speed elevators increases the 
time required to empty the building by an amount that 
is probably much less than the errors that would be 
made in the original assumption. 


This analysis is not submitted as a more nearly 
correct solution of the problem but is simply to illus- 
trate the effect of changing the car speed. Itis probable 
that if building owners fully realized how much they 
are paying for higher elevator speeds and how little 
they are really gaining by them, there would be a 
downward revision of elevator speeds for buildings 
of this class. 


_ Freight Elevators. Freight service is extremely 
varied, ranging from 1000 to 30,000 lb. short and long 
travel, and at speeds of from 30 to 250 ft. per min. 
The determining of the correct freight speed is not so 
difficult because the service is usually fairly well 
known. The cost of installation increases very rapidly 
with increase of speed with the result that speed is 
often sacrificed for first cost which explains why very 
few freight elevators above 100 ft. per min. are in use 
except in plants where an enforced system of manu- 
facture is maintained. This means really two differ- 
ent demands. First, for isolated installations, storage, 
small plants, etc., speed ranging from 30 to 100 ft. 
per min. and for large manufacturing plants requiring 
speed from 100 to 250 ft. per min. 

It has been proved very conclusively that a speed 
above 250 ft. is not warranted except for Special 
service because only a small fraction of the total time 
is running time. ' 

The required capacity of freight elevators is usually 
known because the material to be handled is known. 
The tendency of large manufacturing plants is to use 
some type of power driven truck which is usually very 
heavy, so this demands elevator capacities from 5000 
to 15,000 Ib. 


Service or capacity of elevators is affected by safety 
appliances such as door and gate interlocks inasmuch 
as the introduction of these devices increases the time 
for loading and unloading. Thus the extension of 
safety appliances tends to increase the number of 
elevators installed. This is unfortunate, but the safety 
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consideration is so vastly important that the reduction 
of service efficiency is not to be deplored. 


II—THE ELEVATOR MACHINE 
GENERAL 


The electric elevator is made up of three principal 
parts: 


1. The car, consisting of the car frame and 
enclosure with such control and safety apparatus as 
is necessarily attached to the car. 

2. Theshaft work, consisting of the guides, counter- 
weights, buffers, limit switches, etc. 

8. The hoisting engine, with motor, brake, con- 
troller and cables. 

The car should be made as light as practicable so 
as to keep down the load on the machine bearings and 
also so as to assist in keeping down the power consump- 
tion. 

The elevator guide rails are of great importance in 
connection with efficient and safe operation of the ele- 
vator, as the smoothness of operation in the car is 
largely dependent upon good elevator guides, properly 
installed. The guides must be uniform in size, straight 
and installed in exact alignment. It is best to have the 
guides machined and the ends tongued and grooved 
for accurate connections with fish plates. 

The electric elevator hoisting engine is a simple 
mechanism consisting of a grooved drum or driving 
sheave over which the hoisting cables pass from the 
ear to the counterweight, and a mechanical brake. 
In most cases a gear-reduction mechanism running in 
oil is incorporated between the electric motor and the 
driving sheave. 


LOCATION 


Infrequently the elevator machine is installed in 
the basement of a building. Probably 98 per cent 
of all new installations in the United States use an 
overhead machine installed in a room called the 
“‘yent-house” at the top of the building. Basement 
installations are objectionable because they require 
much longer hoisting cables and more idler sheaves 
than for overhead machines; they occupy valuable 
space in the basement and in many cases the actual 
load on the building is greater. Placing the machine 
directly over the hoistway imposes a load on the build- 
ing equal to the weight of the hoisting machine, plus 
the loads on the car and counterweight ropes, whereas 
placing the machine below, imposes a load on the 
building equivalent to twice the loads on the car 
hoisting and counterweight ropes. Therefore, if the 
hoisting engine weighs less than the combined loads on 
the car and counterweight ropes, placing the machine 
overhead reduces the load on the building. This re- 
lation of weights often occurs. 
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The different types of machines according to roping 
are: Winding drum, full-wrap traction, and half-wrap 
traction (generally known in this country as the “V” 
groove traction and abroad as the ‘wedge. drive’ 
traction.) 

The winding-drum machine predominated in earlier 
elevator history, but for passenger service it is gradu- 
ally being superseded by either the full-wrap traction 
or the half-wrap traction elevator. Even for freight 
service many traction-type elevators are now being 
used. The following will give a clearer idea of the 
three types of elevators. 


Drum Counter: 
weight Cables 
fastened here 


Car Cables 
fastened here 


Fig. 1—Typican Ropinag FOR OVERHEAD DruM-TypPE 
ELEVATOR 


Winding-Drum Machine. The method of roping is 
shown in Fig. 1. Three sets of cables are used. The 
first set or hoisting cables is attached at one end to 
the winding drum and at the other end to the car. 
The drum counterweight cables are also attached at 
one end to the winding drum but the other ends of 
these cables are fastened to the drum counterweight. 
The third set lead from the car, over idlers, to the car 
counterweight. The drum is machined with spiral 
grooves so that as the hoisting cables wind up, the 
drum counterweight cables unwind. 

This type of elevator is limited to relatively short 
travels (not over about ten stories) due to the fact 
that the drum length becomes unwieldy on, longer 
travels. 

If the drum-type machine is installed overhead it 
will give remarkably long cable life because there is 
no possible cable creepage and the bending is always 
in one direction. However, if the machine is installed 
in the basement, reverse bends are necessary in the 
cables and this materially reduces the cable life. A 
car counterweight is used with the larger cars to reduce 
the load on the drum and drum bearings. One reason 
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for the decreased use of the drum machine is because 
it requires a modification of the machine for each 
installation, as the length of travel determines the 
length of the winding drum. Another bad feature 
is that should the terminal stops and overtravel 
limit switches fail to stop the car at the terminals, 
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Fig. 2—Ropina For Fuui-Wrare TrRacTION ELEVATORS 


the machine may continue to travel and finally pull 
the cables from their sockets. 


Full-Wrap Traction Machine. The roping for vari- 
ous full-wrap traction machines is shown in Fig. 2. 
This machine, cabled directly one to-one, or two-to-one, 
has the advantage of being a standard stock machine 
for all lengths of travel. The driving sheave has paral- 
lel round grooves, the driving of the car being depend- 
ent upon the friction between the cables and these 
grooves. To get sufficient traction an idler is necessary 
so as to get the equivalent of a full wrap around the 
traction sheave. A great advantage of the traction 
machine, both half-wrap and full-wrap is that if the 
limit switches fail to stop the machine at the terminals, 
the landing of either the car or the counterweights 
will slacken the cables and allow the machine to over- 
run without moving the car. 


One possible objection to this type of machine is 
that the driving sheave bearing is required to take 
double load due to the double wrap necessary in this 
form of drive. This produces a somewhat lower 
efficiency than could otherwise be realized. Because 
of the round grooves the traction is limited but it does 
not change much with wear as it does in the case of 
the half-wrap traction machine. 


Half-Wrap Traction Machine. For the method of 
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roping used, see Fig. 3. It will be noted how simple 
the roping is, there being only two cable bends (one as 
the cable leads onto the driving sheave and the other 
as it leaves), where the driving sheave diameter is 
one-half the car width, although this is doubled when 
a deflecting sheave is necessary. However, for loads 
above approximately 15,000 lb. a two-to-one roping 
is generally used. As the car width increases to a 
point where it is impracticable to further increase the 
diameter of the driving sheave, the amount of “wrap” 
possible on the driving sheave decreases. Therefore 
in the case of wide freight cars it is sometimes necessary 
to use the full-wrap traction machine in order to get 
sufficient driving friction. The driving sheave bear- 
ing load is only one-half that of the full-wrap traction 
machine. 

One criticism of this type of elevator is the wearing 
of grooves in the sides of the V, thereby reducing the 
pinching action, although sheaves properly machined 
are still in good operating condition after eight or ten 
years of constant regular service. Moreover the rim 
in which the grooves are cut can readily be made re- 
movable for replacement. 


Section showing wedge 
or 'V” Grooves 


For Narrow Car 


Fig. 3—Ropine ror OverHeaD Hatr-Wrap TRACTION-TYPE 
ELEVATOR 


The traction elevator has the advantage of being a 
standard or stock machine for all lengths of travel. 
If the limit switches fail to stop the car, the landing 
of either the car or the counterweights will slacken 
the cables and allow the machine to over-run without 
straining the hoisting cables. 

It is still an open question whether the full-wrap 
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or the half-wrap traction machine is the better. Cable 
life is generally a little longer on the half-wrap machine, 
but the wear of the V grooves is still a problem. 


GEARING 


Elevator machines have been built gearless or with 
the following types of gearing: Single worm and gear, 
single herringbone gear, tandem worm and gear, single 
worm and gear with external spur back-gearing, single 
worm and -gear with internal spur back-gearing and 
car leveling single worm and gear. 

Gearless Elevator. The gearless elevator is shown 
in Fig. 4. It requires a very low-speed direct-current 
motor, because the driving sheave diameter is usually 
made not less than forty cable diameters in order to 
obtain reasonable cable life, and therefore to obtain 
the desired elevator speed a motor having a speed’ of 
65 rev. per min. or less is used. Due to this limitation, 
car speeds with the gearless machine lie between 400 
and 700 ft. per min. It is a very smooth and quiet 
operating machine and gives a high full-speed operating 
efficiency for long travels. As yet this machine is 
generally built in the full-wrap traction type which 
reduces the full-speed running efficiency somewhat. 

The low-speed motor design inherently means a 
very large machine and therefore to keep the size 
down only a small range of speed is obtained by a 
change in shunt field. It is therefore necessary to 
use either series-parallel resistors in the armature 
circuit or multiple voltages applied to the armature 
in order to obtain adequate speed control. The series- 
parallel resistor method is a low-efficiency method of 
starting and stopping. Where alternating current 
only is available a synchronous converter may be used. 
Sometimes multi-voltage control is considered, which 
requires a motor-generator set to supply the multi- 
voltage. The stand-by losses of this set reduce the 
operating efficiency. If direct current is available, 
a storage battery may be used to supply the multi- 
voltage. 

The gearless machine roped two to one, allows a 
motor of twice the speed of that of the one to one for 
the same elevator car speed and therefore a higher speed 
can be used and the motor built on a smaller frame. 
This type of machine is usually used for car speeds 
of 400 to 500 ft. per min. It is a smooth and quiet 
operating machine. Its speed is also controlled gen- 
erally by series-parallel resistors. This machine has 
until recently been built in the round groove, full- 
wrap traction type, giving ten cable bends and a lower 
full-speed running efficiency. There has lately been 
installed a half-wrap machine, reducing the cable bends 
to six. The number of cable bends is then equal to 
the one to one, so the efficiency is doubtless about 
the same as the one to one. | 

Single Worm and Gear Machine. This machine 
(see Fig. 5) covers a wide field of application as it is 
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used with drum, full-wrap traction, half-wrap traction 
and two to one cabling, for car speeds from 50 to 
500 ft. per min. In ear speeds up to 300 or 400 ft. 
per min. it has been a standard almost ever since elec- 


Fig. 4—Geraruess TRACTION ELEVATOR MACHINE 


tric elevators were built. Due to special effort in the 
motor and controller design and special attention to 
design and workmanship of the machine and gears, 
some machines of this type are now working at car 
speeds of 600 ft. per min. with smooth and quiet opera- 
tion. 


Fie. 5—Sirneie-Gear Traction Htevaror MacwHine 


While the full-speed running efficiency is less than 
that of the gearless machine, its actual operating effi- 
ciency with the shunt field controlled motor is usually 
higher on any service requiring many stops per car 
mile. The better operating efficiency becomes more 
and more of a factor as the number of stops per car 
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mile increases. Another feature of value is that the 
winding sheave diameter is not limited and can in 
most cases span one-half of the car depth, thereby 
eliminating all idler sheaves and increasing the cable 
life. 

A possible objection to this type of elevator for high 
car speeds is that it requires long experience and the 
highest class of manufacture to produce a smooth 
and quiet operating machine. Another objection, 
gear wear, has not proved to be a factor, as after six 
years of regular operation it is insignificant and promises 
to give twelve to fifteen years of continuous operation 
before any gear replacement is necessary. 

Single-Gear Herringbone Machine. This machine 
has been tried extensively, giving very efficient opera- 
tion, but it is understood that it is expensive to cut 


gears that insure quiet and smooth operation. This 
fact has limited its-use. 
Tandem Worm and Gear Elevator. The tandem- 


gear machine (Fig. 6) has been in use practically from 
the date of the earliest electric elevators and has 
stood its own, although at present there is a tendency 


Fie. 6—Tanpem-GeEear TRACTION ELevAToR MACHINE 


to manufacture the single-gear machine roped two-to- 
one, which of course is relatively hard on cables. The 
field of the tandem-gear elevator is heavy duty con- 
tinuous service since it minimizes gear pressure by using 
three points of gear contact. The majority of ele- 
vators used in rubber and automobile plants which 
demand the most severe service, is tandem geared. 

There seems to be an impression that a thrust gear 
is a poor thrust bearing, and so it would be were it not 
for the fact that this thrust gear delivers its thrust 
to lift one-half of the load. 


Single Gear with External or Internal Back Gearing. 
This machine is like the standard single worm and 
gear machine shown in Fig. 5 except that between the 
gear and drum shafts is a spur gear reduction not ordi- 
narily oil immersed. The reason for this is to enable a 
small machine to lift a heavy load where the service 
is intermittent and first cost is a determining factor. 
It is a question of judgment whether to use this type 
or the single-gear elevator roped two to one. 


Car-Leveling Single Worm and Gear Elevator. The 
car-leveling elevator has a certain field where it is 
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very essential that the landing stops be accurately 
within one-quarter inch, plus or minus, with the landing. 
This is accomplished with shunt field control of d-c. 
motors whereby a low enough speed with high enough 
torque can be obtained; or by applying a low-frequency 
to a regular a-c. elevator motor, or by the use of an 
additional small geared machine arranged to drive 
the regular hoisting motor and brake shoes at a low 
speed. 


COUNTERWEIGHTING AND CABLE COMPENSATION 


To get best operating efficiencies it is essential that 
both of these subjects: receive careful consideration. 
Many elevators are running today with insufficient 
counterweight, and with no cable compensation on 
jobs where the rise is great and therefore compensation 
should be used. 

Counterweighting. It is obvious that an elevator 
without any counterbalance will be very inefficient 
because the motor horse-power required would be 
relatively large. It is customary therefore first to 
supply sufficient counterweights to balance equally 
the elevator car. Then enough additional weight is 
added to equal the estimated average load. This 
additional counterweight is generally known as “over- 
counterweight.”” The amount of over-counterweight 
is usually between 30 and 40 per cent of the maximum 
rated capacity of the elevator. In rare cases this 
amount is made 50 per cent, where full load is carried 
by the elevator nearly every trip. In any case the 
over-counterweight never exceeds 50 per cent of the 
rated load. 

To illustrate the need of proper counterweighting, 
assume the following problem: C 

L = rated elevator load..... = 3000 lb. 


S = rated elevator speed.... = 500 ft. per min. 
W = over-counterweight in lb.= ? 
E = per cent efficiency—Line to load. 
Then, h. p. required (theoretical) = (Ab WV) 
33,000 x EF 


If there is no over-counterweight it will require 
4514 h. p. (at 100 per cent efficiency) to lift the full 
load at full speed. At 50 per cent over-counterweight, 
it will require just one-half of this power. However, 
with more than 50 per cent, it will take more power to 
lower the empty car than to hoist the maximum load. 

If the over-counterweight is made equal to the .aver- 
age load, the maximum operating efficiency is obtained. 

The “line of load” efficiency varies from about 40 to 
75 per cent depending upon the size and design of 
motors, machines and roping. For instance a worm- 
gear machine with a low gear tooth pitch and with 
babbitt bearings may not show a greater efficiency 
than 50 per cent, while a high-speed geared elevator 
with a high gear tooth pitch, roller bearings throughout 
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and no idler sheaves, may show an efficiency close to 
75 per cent. 

Cable Compensation. As a rule the compensating 
of hoisting cables in buildings of ten stories or less is 
not an item. Above ten stories however, it is usually 
desirable to use some form of compensation to prevent 
the inequality of load on the motor due to the po- 
sition of the car. The simplest form of compensation 
consists of wire cables of the same number and size as 
the hoisting cables connected to the bottoms of the 
car and the counterweight and passing over idling 
sheaves in the pit. Chains are often used in place of 
cables for cable compensation. 


CONCLUSIONS 


The desirable features are safe, smooth and quiet 
operation, ability to lift the required loads, no heating 
above Underwriters requirements, continuity of service, 
low maintenance costs and low power consumption. 
To obtain the lowest possible maintenance cost and 
power consumption, the first cost must necessarily 
be relatively high, so it is important to consider the 
frequency of duty demand in order to determine which 
to sacrifice in making an installation. 


Ill.—THE ELEVATOR MOTOR 
POWER REQUIRED 


In the application of the electric motor to elevator 
service, it is first necessary to determine what power 
is required to drive the elevator. This depends upon 
the net load to be lifted, the car speed and the various 
friction losses. 

The static friction is unavoidably great, it being nec- 
essary in some cases to apply two and one-half times 
full-load running torque in order to start hoisting the 
fully loaded car. 

The following formula will give the horse power 
required at full speed with full load on the car. The 
motor losses are included in this formula. Therefore 
h. p. = the horse power input to the motor. To get 
the horse power motor rating multiply h.p. by the 
motor efficiency. 

LXxXS 
33,000 x E 
where JL = Net load in pounds. 
S Full speed of elevator in ft. per min. 
E = Overall efficiency. 

The line to load, or overall running efficiency of 
an elevator varies from about 40 to about 75 per cent, 
depending upon the type, design and construction 
of the motor, controller, machine, guides, etc. (See 
““Counterweighting” above). 

If the efficiency is known, the above formula may be 
depended upon to accurately give the horse power 
rating of the motor for operating the car at full speed 


bh. Do. = 
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with full load. On direct current where, within reason, 
the available starting torque is a function of the inrush 
current the size of motor derived from the formula 
ean be depended upon to start the load from rest. 


On the other hand, the available starting torque of 
alternating-current motors is a question of inherent 
design, and all motor builders do not build their a-c. 
motors for the same percentage of full-load torque 
for starting, so it is desirable that these motors be 
checked on.a torque as well as on a horse power basis. 


The difference in treating this matter of torque and 
horse power by different manufacturers of motors has 
proved confusing. It is therefore of interest to know 
that the Electric Power Club has taken the subject in 
hand and is now working out standard ratings which it 
is hoped all motor manufacturers will adopt. 


If a specific installation has an overall running effi- 
ciency »f 50 per cent and it requires two and a half 
times full-load running torque of the motor in order 
to start the maximum rated load in the hoisting direc- 
tion, the starting efficiency will be only 20 per cent. 


After any gear-driven machine starts there is usually 
a decided increase in efficiency of the gearing owing 
to the oil film which rotation effects between the gears. 
Also on all types of elevator machines the efficiency 
increases after starting due to the oil film which rota- 
tion automatically places between the bearings. There- 
fore, immediately after starting there is an excess of 
torque which becomes available for acceleration. The 
amount of this torque depends first, upon the excess 
motor torque that is provided over and above that 
actually required to start the machine in motion, and 
second, upon the excess in elevator starting efficiency 
over and above the assumed 20 per cent. 


In the following formula for the determination of 
torque required to start an elevator, the starting 
efficiency has been assumed at 20 per cent as outlined 
above. If this efficiency in any case is lower, the ele- 
vator will not start with the torque as derived by the 
formula. If the efficiency is greater and allowance is 
not made in the formula, the derived torque may be so 
great that the start will be abrupt unless some control 
arrangement, external to the motor, is included to 
reduce the initial torque. 


5252 xX LX S X24 
30,000, 0.0 x f. pi. 


T = 


08 X LX S 
GD. a. 


= Torque in pounds at one foot. 
radius on the motor shaft. 

Net load in pounds. 

Full speed of elevator in ft. 
per min. 

r. p.m. = Full-load speed of motor selected. 


where 


re 
| 


II 
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Really, instead of using the formula it would be 
better to actually test the pounds of torque required. 
Obviously this is not often possible. 


GENERAL MOTOR CHARACTERISTICS 


Elevator motors should have the following charac- 
teristics: 

1. Good speed regulation under varying Joad con- 
ditions. 

2. High starting torque. 

3. Relatively low inertia. 

4. Quiet operation. 

5. Adequate thermal capacity. 

Anelevatorload varies from full positive or even 10 to 
25 per cent positive overload toa negative or overhauling 
load. Good speed regulation is therefore an important 
consideration. A good many elevators are sold on 
the basis that they will develop a certain speed with a 
given load but that they will be capable of lifting a 
heavier load at a somewhat reduced speed. It is very 
important that the speed should not increase materially 
over rated speed in lowering a heavy load. If an ele- 
vator is operating at 600 ft. per min. under normal 
load conditions and it should lower the maximum 
load at full speed much in excess of this, it might trip 
the car safety guide grips. 

The necessity for a high starting torque has already 
been outlined. 

Because of frequent starts and stops and the ne- 
cessity for a quick “get away” and rapid slow-down 
at landings, the inertia of the revolving armature or 
rotor should not be excessive. This means a relatively 
small diameter armature with not too much weight 
in its makeup, and revolving at reasonable speed. 
For passenger service about 900 rev. per min. is the 
usual maximum, although no definite limitation can 
be made, as there are successful elevator installations 
where the motors run as high as 1800 rev. per min. 
These however are usually the smaller, low-speed ele- 
vators. 

While increased flywheel capacity of the revolving 
armature or rotor undoubtedly increases the power con- 
sumption, and therefore is objectionable, on the other 
hand, it is of advantage in preventing sudden varia- 
tions in speed of the elevator car. A large flywheel 
capacity in the rotor of an elevator motor makes it 
difficult to obtain a rapid variation in acceleration 
or retardation and therefore makes for greater com- 
fort to the passengers. It is best to strike a happy 
medium between comfort, speed of acceleration and 
operating efficiency. 

Quiet motor operation is essential on practically all 
passenger installations and on many freight jobs also. 

Because of the extreme differences in service and the 


great variety of load conditions encountered in electric. 


elevators, it is impossible to establish any standard 
duty cycles for this service. It has been found that 
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motors designed for a 15- or 30-minute intermittent 
rating will take care of most installations. A 15- or 
30-minute rating means that the motor will carry its 
specified load for the specified period of time, starting 
cold, without exceeding the guaranteed temperature 
rise. 


DIRECT-CURRENT MOTORS 


Most direct-current motors, whether shunt or com- 
pound wound have suitable commutating pole wind- 
ings so as to insure sparkless commutation in both 
directions of rotation. The commutation should be 
such that with heavy momentary overloads at starting 
and during dynamic braking, the commutator will 
remain in satisfactory operating condition without 
need for frequent attention. 


Direct-current motors are of two general types, 
single-speed and adjustable-speed, the latter having 
speed control by shunt field variation. For low-speed, 
heavy-duty service the motor is usually compound 
wound to produce sufficient starting torque. The 
compound winding should represent from 10 to 25 
per cent of the total ampere turns on the main poles 
of the motor, 2. e., disregarding the commutating pole 
windings. The compound winding should be cut out 
of circuit after. starting so as to insure more constant 
speed characteristics. To reduce the speed to insure 
accurate stopping, it is necessary to insert resistors 
both in series and in parallel with the armature. This 
means inefficient starting and stopping and increases 
the power consumption materially, as the number of 
stops per car mile increases. The parallel resistor is 
also used to secure dynamic braking in the off position. 


The adjustable-speed, shunt-wound motor, usually 
having a speed range of two-to-one or more by shunt 
field control, provides ample starting torque without a 
compound winding. For high-speed installations, if 
this type of motor is used, the elevator can be run at 
full field speed practically as efficiently as at high speed. 
In transferring from high to full field speed the motor 
acts as a generator and returns current to the line. 
The amount of this returned current has been found 
from actual test of a three-to-one motor to equal 10 per 
centof the total power consumption on an elevatormaking 
150 stops per car mile. For slowing down from full- 
field to “‘drag’’ speed, series-parallel resistor connections 
are used, but the horse power is only a fraction of that 
at high speed, so that a saving of power at drag speed 
is realized over power used in slowing down a single- 
speed motor. Should anything happen to the arma- 
ture shunt contactor or to the armature shunt resistor 
circuit the operator can always slow down to full field 
speed and make a safe stop without dynamic braking. 
One thing against the two-speed motor is that for the 
same horse power and speed it must be somewhat larger 
and more expensive than a single-speed motor. It is 
highly important that the two-speed motor be designed 
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to provide stable speed conditions when running with 
a weakened field. 


ALTERNATING-CURRENT MOTORS 


These are of two general types of a-c. motors, the 
high-torque squirrel-cage induction motor and the 
slip-ring, wound-rotor induction motor. The squirrel 
cage motor is used extensively up to about 20h. p. 
because of its simplicity and because it only requires a 
relatively simple form of controller as it is gener- 
ally thrown across the line with no starting resistor. 
When the installation is such as to require a smooth 
start, a resistor or reactance is placed in the motor 
primary circuit and gradually cut out after starting. 

The last method of starting has been applied to 
motors as large as 50h. p. with success. However, it 
has one disadvantage in that its speed regulation is 
poorer than that of a wound-rotor motor. While this 


-is of little moment for the lower-speed elevators, it 


may not be satisfactory on the higher-speed cars. It 
is of interest to note that this regulation is not as bad 
as that of a hydraulic or a steam elevator. In actual 
service the power consumption of the squirrel-cage 
motor is slightly higher than that of the slip-ring 
machine, but due.to the lack of slip-rings and fewer 
controller parts it is somewhat more reliable. The 
slip-ring motor for the same rating is more expensive 
and has a somewhat lower power factor than the squirrel 
cage motor. 

The slip-ring wound-rotor motor is a standard pro- 
duct and has been used practically as long as electric 
elevators have had alternating-current drive. It has 
a higher full-speed running efficiency because the resis- 
tor in the rotor circuit is cut out by the controller 
after the motor starts. Its disadvantages have already 
been outlined. 

Single-speed alternating-current motors cannot 
ordinarily be applied to elevators running faster than 
200 ft. per min. because no slow-down can be obtained 
under the varying load conditions met with in elevator 
service, and no dynamic braking is available to assist 
the mechanical brake in bringing the elevator to rest. 
This means therefore, that the mechanical brake must 
be depended upon satisfactorily to stop the car from the 
full running speed. This is a difficult problem. The 
energy stored in the moving mass is proportional to the 
square of the velocity. The mechanical brake is 
capable of absorbing this energy only in direct propor- 
tion to the velocity, while a dynamic brake will 
dissipate this energy in proportion to the square of 
the velocity. The dynamic brake, unavailable with 
alternating current, is an important adjunct in assist- 
ing the mechanical brake for quick, smooth stopping 
of the elevator. While the development of the two- 
speed alternating current elevator motor is still in its 
infancy the demand is so great that rapid perfection 
of this type of motor for passenger elevator needs is to 
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be reasonably expected. Alternating-current motors 
are very reliable, and alternating current is daily 
coming into wider commercial use, so it is quite essen- 
tial that drastic efforts be exerted along these lines. 


The available two-speed alternating-current motors 
today generally have two primary windings, although 
some motors are manufactured with but one primary 
winding which is re-connected to give a range in speed 
control. 


In the two-winding type of motor the connections are 
usually so arranged that the speed of the motor can be 
changed without disconnecting the motor from the 
supply circuit, so that the motor is at all times operating 
under a positive torque and there is therefore no danger 
of losing control of the load. 


Two-speed a-c. motors are built in both the squirrel- 
cage and wound-rotor types. The wound-rotor, two- 
speed motors have two secondary windings. Most of 
them have five slip rings so as to get the advantage 
of independent accelerating adjustments for the two 
windings. There seems to be a tendency toward the 
straight two-primary winding, squirrel-cage motor 
which is simpler and which has been found to give even 
smoother and quieter operation than the other type. 
Most two-speed motors have three-to-one speed range. 
Advantage is taken of the fact that in changing con- 
nections from the high- to the low-speed windings, with 
the car running at full speed, the low-speed winding 
acts as an induction generator, giving a very powerful 
slow-down action. This change is somewhat difficult 
to control smoothly under varying load conditions. 


Some manufacturers, in order to get positive speed 
control with alternating current are using two motors 
of different rated speeds, both of which are direct 
connected to the elevator machine. This scheme 
permits the use of a squirrel cage motor for the low- 
speed member and a slip-ring motor for the high-speed 
member. With this arrangement it is possible to 
obtain the advantages of lower slip and higher opera- 
ting efficiency which are characteristic of the slip-ring 
motor. Another point in favor of the two-motor 
arrangement is that the windings are in the usual form 
with which all repairmen are familiar and therefore 
the chances are that quicker repairs can be made. 
Also equipments have been built consisting of two 
distinct motors, both in one motor frame. 

The two-speed alternating-current motor is being 
successfully used with car speeds as high as 350 ft. 
per min. Further development will undoubtedly 
increase this maximum. 


IV—ELEVATOR CONTROLLERS 


The elevator controller is one of the most important 
and at the same time perhaps the most compli- 
cated part of the equipment as it provides many 
of the safety features. The smooth operation of the 
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elevator car is largely dependent upon its functioning, 
and the design affects the power consumption to a 
marked degree. Considerable economy can be ob- 
tained by selecting the best type for each particular 
application. 


CHARACTERISTICS 


Among the more important characteristics of the 
control are safety and reliability, although the motor 
selected should have characteristics that render it 
inherently safe for elevator operation. The connec- 
tions to the controller must permit stopping the car 
at any time under any conditions of load; it should 
automatically stop upon the release of the car switch 
handle by the operator. The elevator car must be 
stopped automatically at each limit of travel to pre- 
vent it from traveling into the pit at the bottom or 
sheave beams at the top of the hoistway. The question 
of safety is associated with that of reliability. Even 
if the scheme of control is essentially safe, its proper 
functioning depends upon the apparatus being reliable. 


Controllers must be designed and built to withstand 
frequent severe operation; one half a million operations 
a year, partly at least with inexperienced operators 
who do a great deal of “inching” for landings, not 
being unusual. Frequent’ plugging is common, with 
resultant high currents to be commutated. Also 
the location of elevator machinery is not conducive 
to regular inspection, and frequently maintenance is 
left to the janitor of a building who ordinarily knows 
little about electrical apparatus and its care. 


Elevators are installed in buildings for the purpose 
of carrying passengers between the ground floor and 
the upper floors. Many buildings are so tall that it 
would be a distinct hardship and often an impossi- 
bility for the tenants to walk up and down stairs. It 
is, therefore, necessary to have the elevators in opera- 
ting condition at all times. In the event of fire or 
accident it is important that they should function 
properly to remove the tenants from the upper floors 
of the building. 


Frequently the elevator equipment is located above 
the hoistway or adjacent to it, so that it is essential 
to have the controller quiet; otherwise it may disturb 
the persons who occupy the upper floors. 

All unnecessary complications should be eliminated 
from the controller and all essential adjustments should 
be readily understood and easily made. After being 
adjusted the parts should remain fixed under normal 
operating conditions. 

The controller should be neat in appearance and all 
working parts readily accessible for inspection and re- 
pairs. It should be so located as to provide ample 
working space around it, and sufficient illumination 
should be provided to facilitate inspecting and repair- 
ing this apparatus. . 
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FUNCTIONS 


The elevator controller performs a number of diff- 
erent functions, among the most important of which 
are the following: 


To start the motor and accelerate it to full speed in either 
the up or the down direction, and to stop it at the 
will of the operator. 

The starting and the stopping of the motor is per- 
formed by switches which must make and break the 
electric circuit. These switches are subject to con- 
siderable burning and should be of such design as 
to withstand this action with infrequent repairs and 
renewal of parts. The smooth acceleration and re- 
tardation of the motor are most important, and usually 
present the greatest difficulties in the design of the 
controller. Under different conditions of loading, the 
motor may act either as a motor or as a generator; 
therefore the usual methods of accelerating and retard- 
ing with a positive load may not give smooth operation 
when the load is negative. For example; when resist- 
ance is inserted in the armature circuit of a d-c. 
motor under a positive load, the speed of the motor 
decreases in proportion to the resistance which is in- 
serted. If, on the other hand the motor has a negative 
load and is operating as a generator, the more resist- 
ance inserted in the armature circuit, the faster will 
be the motor speed. It can be readily seen, therefore, 
that the ordinary methods of control are not suitable 
for elevator service. The same remarks apply to a 
slip-ring induction motor with resistors in the secondary 
circuit. 

To control the speed of the motor at the will of the operator. 

The various methods of speed control will be dis- 
cussed under a separate heading. It is necessary for 
the control to provide for one or more reduced operating 
speeds in order to make a satisfactory landing, par- 
ticularly where the car speed is high. These low 
speeds should be positive so that they are available 
when the motor is operating as a generator as well 
as under positive load. 

To stop the elevator at each limit of travel. 

The elevator car travels in a hoistway which is 
limited at the bottom by a pit and at the top by the 
beams which support the sheaves and often the winding 
machinery. 

Low-speed elevators can be readily stopped at the 
top and bottom landings without a preliminary slow- 
down device, but the higher-speed passenger elevators 
must be slowed down before the terminal landings are 
reached in order to make a successful stop. This can 
be better understood if we consider that the car may 
be approaching the bottom landing in one case with 
no-load and in the other case with the maximum load. 
If the car operates at a speed of 400 or 500 ft. per min. 
the loaded car will drift considerably farther than the 
empty car when the controller disconnects the motor 
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from the line and applies the brake. The terminal 
stops must be so adjusted that the car will reach the 
bottom landing with a light load. It will, therefore, 
drift considerably beyond this landing with the maxi- 
mum load. If the controller provides means for re- 
ducing the speed of the car to 50 or 100 ft. per min. 
before the final stop is made the difference in drift 
between no-load and full-load will be very small 
and a satisfactory stop can be made. 

To provide additional means for disconnecting the motor 
from the line and applying the brake in case of 
overtravel. 

The car is stopped at either limit of travel by the 
regular slow-down and stopping device, but should 
this device become inoperative, additional means are 
provided for positively disconnecting the motor from 
the line and applying the brake in case the car travels 
‘beyond its ordinary limits. This latter means usually 
consists of hoistway limit switches so arranged that the 
car will open them and stop if it travels beyond its 
usual limits. 

To provide a brake which will positively stop the car and 
hold it securely at the landing. 

Two forms of brakes are used. One is a mechanical 
brake which is applied by a spring and released by a 
magnet. This brake is set when the magnet coil is 
disconnected; it is used for making the final stop and 
holding the load. The other is the dynamic brake 
which is used on direct-current machines to assist the 
magnet brake in stopping the machine. This is ob- 
tained by connecting the terminals of a d-c. motor 
to a resistor, the moving load driving the motor as a 
generator. By changing the resistance in the armature 
circuit the retarding torque can be adjusted to suit 
existing conditions. The satisfactory stopping of the 
car depends upon the proper adjustment of these two 
methods of braking. 

The controller should govern the motor in an eco- 
nomical manner. The degree of economy will differ 
for each type of equipment. The current which passes 
through the resistor units represents a direct loss of 
energy; therefore the longer this resistance is in circuit, 
and the more current that passes through it, the less 
the efficiency -of the elevator. 


METHODS OF OPERATION 


A controller may be operated in several ways: 

Hand Rope and Lever Control. This consists of 
a rope which runs the full length of the hoistway in 
the form of a loop. (Fig. 7 shows the electrical equip- 
ment). Onehalf of thisloop passes through the elevator 
car. While the car is in operation this rope is stationary. 
In order to start, the operator pulls on the rope. This 
moves the controller and connects the motor to the 
line for the proper direction of rotation. When the 
desired landing is reached the operator takes hold 
of the rope so that the movement of the car pulls the 
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rope in the opposite-direction and brings the car to rest. 
This method of operating elevators is used for low-speed 
freight machines. A lever or hand-wheel may be used 
for manipulating this rope instead of having the op- 
erator pull on the rope directly. Attachments of this 
kind enable the operator to govern the controller at 
higher car speeds, but they are rather cumbersome 
and not as desirable as full electric control. 

Car Switch Control. This method consists of locating 
a master switch in the car. (Figs. 8 and 9 show typical 
control panels.) The movement of the master switch 
handle to either side causes the car to travel in the 
direction desired. The connections are usually made 
so that the movement of the handle toward the door 
or front of the car causes a downward motion and a 
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Fig. 7—Seur-Containep A-C. 


With phase failure, phase reversal and low-voltage protection. 


movement in the reverse direction an upward motion. 
The switch is arranged with a spring for centering the 
handle in case the operator releases it, thus bringing 
the car to rest. The handle is provided with a latch 
for holding it firmly in the “off” position to prevent 
accidental starting of the car. 

This master switch is connected by wires with con- 
tactors on the control panel and operates the elevator 
by energizing the magnets of these contactors. The 
acceleration of the car is automatic so that the car 
switch is used only to determine the direction of travel 
and to select the proper operating speed. 

Push Button Control. This method of controlling 
the car provides for automatically stopping it at the 
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desired landing. (Fig. 10 shows a typical control 
panel.) It has a particular field of application in 
apartment houses, small hotels, stores, clubs, etc. 
where the service does not warrant the expense of a 
regular operator. The control itself is inherently more 
complicated than other types and therefore is not quite 
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as reliable. It is a time and power waster because so 
many trips are made with light loads and without 
regard to floor demands. 

A push button is located near each landing door. 
When a button is depressed momentarily, the proper 
connections are set up in the controller to move the 
ear to that particular landing and to automatically 
stop it when it reaches the landing. Inside the car 
is located a series of buttons, one button corresponding 
to each landing. When the passenger enters the car 
and closes the landing door and car gate he momen- 
tarily presses the button corresponding to the desired 
landing. The car then travels to that landing and 
automatically stops. The control for elevators of this 
kind is substantially the same as for an elevator using 
a car switch, with the addition that a selector switch is 
provided which is driven either by the machine or by 
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the elevator car and makes the connections that auto- 
matically stop the car at the desired landing. One 
form of selector is shown in Fig. 11. 

Dual Control. Dual, or combination, car switch and 
push button control fills a demand where the service 
justifies the employment of an operator for only part 
of the time that the elevator must be in service. This 
demand comes in larger apartment houses, industrial 
office buildings, clubs, ete. Its first cost is higher than 
that of any other type, but due to the two different 
forms of control is somewhat more reliable than the 
straight push button control. Push buttons are pro- 
vided at each landing for calling the car to that landing. 
A set of push buttons and a master switch is placed 
inside the car. Means are provided to render the push 
buttons within the car inoperative when the car switch 
is being used. At the same time the connections to 
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the landing push buttons are transferred to the annun- 
ciator operation. 


METHOD OF ACCELERATION 


The elevator motor is automatically accelerated from 
rest to the operating speed. There are several methods 
for obtaining this automatic acceleration. Among the 
more common methods are the following: 

Time Element Acceleration. This is based on the 
principle that time is required to accelerate the motor. 
Usually the device provides a definite time for accelera- 
tion independent of the load of the car. One of the 
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most common devices of this type is a dash-pot, either 
air or oil. 

The advantage of this method of acceleration is the 
smooth start which it provides under all conditions of 
loading. Sufficient resistance can be provided to 
start the car smoothly with a light load. With a heavy 
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load the timing device short-circuits sections of resist- 
ance until the motor develops sufficient torque to 
accelerate the load. Well designed accelerators of this 
type are not materially affected by variations in line 
voltage. 

Counter E. M.F. Acceleration. This method makes 
use of the principle that the voltage across the ter- 
minals of the elevator motor increases with the speed 
of the motor so that magnet contactors connected 
across these terminals have their magnetism increased 
with the speed of the motor and can be adjusted to 
short-circuit sections of the starting resistance cor- 
responding to different motor speeds. These magnetic 
contactors when properly designed are not affected 
seriously by atmospheric conditions, dust, or dirt, and 
therefore should remain in adjustment. This method 


of acceleration is sensitive to a variation in line voltage, - 


but elevators are usually connected to the same service 
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lines that furnish the lighting for the building and the 
voltage regulation is generally very good. Where 
poor regulation exists, special devices can be used to 
compensate for voltage fluctuation. The starting 
resistor should permit the motor to develop sufficient 
torque to start the maximum load. 


Current-Limit Acceleration. This method of accelera- 
tion is dependent upon the current taken by the motor 
during acceleration. The motor must draw sufficient 
inrush current from the line to develop the torque neces- 
sary to start hoisting the maximum load. After this 
load has been started from rest the friction decreases 
as the running friction is less than the static friction; 
therefore, a larger part of the motor torque is available 
to accelerate the load, and the motor increases in speed 
until the torque developed is just sufficient to balance 
the load. At this value of current a relay closes the 
contacts to the next accelerating switch which in turn 
accelerates the motor to a higher balance speed. This 
process is repeated until all of the starting resistance 
has been short-circuited. With this method of control 
the motor is accelerated at a constant torque value, and 
therefore it reaches full speed quicker with a light load 
than with a heavy load as more torque is available for 
acceleration. 


All magnetic contactors require an appreciable time 
to close so that any control system using contactors 
will have some time element. By modifying the 
design of these contactors the time element can be 
increased. This small time element is useful when the 
counter e. m. f. or current-limit method of acceleration 
is used to assist in giving a smooth start. 

Another element which contributes towards smooth 
operation is the induction in the motor circuit. This 
inductive action checks the rush of current at the time 
a contactor short-circuits a section of armature resist- 
tance. The inductive effect may be increased by 
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adding an impedance coil to the circuit or by a special 
design of the elevator motor itself. The time constant 
of the motor may be increased by several well known 
methods, thus smoothing out the transition between 
the steps in the controller. 

An elevator motor may be accelerated by a combina- 
tion of two or more of these methods. As pointed out 
above, there is always some time element in every 
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contactor, which may be increased by special design, 
this giving a combination of time element acceleration 
with either cownter e. m. f. or current-limit acceleration. 


V. Methods of Speed Control. The speed control of 
the elevator motor is very closely associated with the 
method of acceleration and may assist materially in 
smoothing out this acceleration. The method of speed 
control depends upon the type and design of motor. 
Some of the methods are as follows: 


By Adjusting the Field Strength of the D-C. Motor. 
Most direct-current motors can be operated at dif- 
ferent speeds by simply changing the strength of their 
fields. The range of speed obtained depends upon the 
design of the motor. If a considerable change in speed 
is required by this method, a larger and more expensive 
motor is required than for the ordinary constant-speed 
design. If the motor is massive and responds slowly 
to a change in field strength, very little difficulty is 
introduced by this method of speed control. If, how- 
ever, the motor responds quickly, relays or other devices 
are used to limit the current during the change in 
speed. This method of speed control is very popular, 
particularly for the higher-speed, geared elevators. 
This is a very economical method of speed control. 


By Connecting Resistors in Series and in Shunt with 
a D-C. Motor Armature. The shunt resistor has a 
stabilizing influence and limits the speed variation under 
different conditions of loading. This method of 
control is very commonly used to obtain the low speed 
from which a landing is made. With the same amount 
of resistance the speed will vary considerably, depend- 
ing upon whether the motor has a positive or negative 
load, but for making a landing this speed range is not 
too great to obtain practical results. It is the least 
economical method of speed control of a d-c: motor and 
is therefore, generally used only for obtaining the 
landing speeds. 

By Applying a Variable Voltage to D-C. Motor 
Terminals. The best known system of this kind is 
where a separate generator is used for each motor, the 
generator field being changed to obtain the different 
motor speeds. Where the generator is properly 
designed the elevator motor can be operated from rest 
to full speed in either direction by changing the strength 
and the direction of the generator field. A good 
arrangement for the motor-generator set is to use a 
single motor driving two generators in order that the 
elevators may be shut down in pairs to eliminate the 
standby losses. 

By Applying Several Different Voltages to the Ter- 
minals of a D-C. Motor. These different voltages are 
usually obtained from a motor-generator set having 
several different generators, each generator providing 
a different voltage. .The transition between voltages is 
obtained by inserting resistance in the armature circuit. 
With this method of control it is necessary to reverse 
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the armature connection to reverse its direction of 
rotation. One motor generator set usually supplies 
several elevators. 

Where a storage battery is available the intermediate 
values of voltage may be obtained by taps taken from 
this battery. 

The last two methods of control have been used to a 
limited extent. These increase the first cost of the 
installation but may reduce the cost of power by elimi- 
nating most of the rheostatic loss during acceleration and 
slowdown. This is of particular advantage in cases 
where the elevator motor has little speed regulation 
by shunt field control. 

By Changing the Number of Poles of an A-C. Motor. 
These motors are of the induction type and may have 
either squirrel-cage or wound secondaries. They are 
usually provided for two different pole combinations; 
one, a large number of poles giving a low speed from 
which the landing is made and the other a smaller - 
number of poles providing the regular running speed. 
The primary may have either two sets of windings, one 
for each set of poles, or a single set of windings arranged 
for two sets of connections. The introduction of the 
two-speed a-c. motor has enabled the operating speeds 
of a-c. elevators to be materially increased. One of 
the most popular combinations is a 3 to 1ratio, although 
motors are now built with a 6 to 1 ratio. 

By Changing the Frequency of Power Supply to an 
A-C. Motor. This method of control has been very 
little used up to the present. The most. convenient 
method of obtaining the reduced frequency is to provide 
a small frequency changer which can be connected to 
the primary of the elevator motor when a low speed is 
desired for making a landing. 


DETAILS 


The elevator controller is made up of a number of 
unit parts, each of which performs a function in con- 
trolling the elevator. The parts usually found in a 
controller together with their functions are as follows: 

1. A line switch for disconnecting one side of the 
motor from the line. This switch may be operated 
every time the car is moved or it may remain normally 
closed and be opened by a safety device or by failure 
of line voltage. 

2. Reversing switches which change the direction 
of rotation of the motor and are normally used for 
opening and closing the motor circuit. Some of these 
switches operate each time the car is moved. For 
magnet control either two double-pole or four single- 
pole switches are used. 

3. The accelerating device which automatically 
short-circuits the starting resistance when the motor is 
being brought from rest to the operating speed. A 
similar device may be used to limit the armature cur- 
rent when the field strength is changing. 
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Kach type of elevator requires its own special form 
of control. The lower-speed machines require a less 
complicated control than when the elevator is operated 
at a higher speed. Often freight elevators have dif- 
ferent requirements from passenger machines. Con- 
siderable skill and experience is required in the design- 
ing of control equipment and selecting the necessary 
features. Each control should contain all of the fea- 
tures necessary for a successful operation, but any 
additional features add: to the pp aeeplication and may 
be undesirable. . i, 


-V—BRAKES AND OTHER SAFETY 
» ACCESSORIES | 


Brakes and other * ‘safety accessories have little to 


do with power application to electric elevators but they 


are so vitally a part of the elevator equipment that a 
good idea of the complete elevator plant cannot be 
obtained without a complete understanding of these 
features. 

BRAKES 


While the brake is a small part of an elevator machine 
it is an exceedingly important part. Because of the 


frequency of starts and stops it is highly essential 
that the car be brought to rest quickly and without 


shock or jar to the passengers. Also once brought to 
rest it is just as important that the car be maintained 
in its position in the hoistway while passengers are leaving 
and entering it. The functions of bringing the car to 
rest and maintaining it in a stationary position are 
obtained by the brakes. Elevator brakes are divided 
into three classes,—mechanical, dynamic and magnetic. 
Mechanical Brakes. The straight mechanical brake 
is little used. To some extent it is still being installed 
on hand rope controlled freight elevators and side- 
walklifts. Most statesprohibititsuseon any passenger 
elevators because of its lack of protection to the car 
As the name implies, it is simply 
lined brake shoes bearing against a pulley on the motor > 
shaft. It is applied manually with the hand rope 
within the car, and automatically at the terminal 
landings by the traveling nut mechanism on the machine 
which has the double duty of returning the reversing 
switch to neutral, interrupting the motor circuit; 
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the motor operates as a generator and “‘pumps” current 
through the dynamic braking resistor thereby con- 
verting the mechanical energy of rotation into electrical 
heat. While this type of brake alone will not bring an 
elevator to rest, particularly if the load is overhauling, 
it will materially reduce the speed so that from that 


Fig. 12—D-C. Macnet-Opreratep ELevAatTor BRAKE 


speed the magnetically operated brake may easily be 
depended upon to bring the car to a safe and smooth 
stop. On the higher-speed d-c. elevators a graduated 
dynamic braking is furnished, which provides a braking 
more nearly proportional to load and speed conditions. 

With alternating current, a braking effect similar 
to direct-current dynamic braking is sometimes fur- 
nished when a two-speed motor is used. In this case 
the low-speed winding is connected to the supply lines 
while the armature is rotating above the synchronous 
speed of this winding. Thus the motor acts as a self- 
excited induction generator and a powerful ‘‘dynamic’”’ 
braking is obtained to bring the motor down to the 
synchronous speed of the low-speed winding. In this 
case energy is restored to the line during the braking 
period. 

Direct-current dynamic braking is wasteful of elec- 
trical energy because the energy of rotation is lost in 
heat. The same applies to the mechanical brake where 
the energy is absorbed in the brake shoes. No effec- 
tive method, economical of electrical energy, has been 
devised for quickly slowing down and stopping an 
elevator, although a direct-current motor with a wide 
speed range by shunt field control is economical in 
slowing down, as is also the two-speed alternating- 
current motor referred to in the preceding paragraph. 
(See Part III.) 

Magnet Brakes. The importance of the magnet 
brake particularly on alternating current cannot be 
over emphasized. See Figs. 12 and 13. The reasons 


REED: ELECTRIC ELEVATORS 


Transactions A. I. E. KE. 


for its great importance have been outlined in Part III 
under the subject of ‘“The Elevator Motor.” 


The magnet brake consists of brake shoes, similar 
to those used with the mechanical brake, operated by 
an electromagnet. This type of brake should always 
be used in addition to any other, except for low-speed 
freight sevice, for the purpose of positively holding 
the car stationary at the will of the operator. 


On direct current, the magnet brake has been a small 
problem, but on alternating current it becomes a 
difficult one because of difficulties in satisfactory 
magnet design. Various types of magnets are being 
used, such as single-phase long-stroke, polyphase long- 
stroke, polyphase short-stroke and constant-stroke. 
The constant-stroke magnet is no more than a small 
motor designed to remain across the line with the 
rotor stalled. This magnet is sometimes called a 
torque motor. This type of magnet does not seal. 
It is difficult to keep quiet an alternating-current 
magnet that does seal. It is liable to slam in clos- 
ure, and unless the laminated parts are perfectly sur- 
faced and perfectly aligned it will hum after closure. 
A dash-pot is sometimes used for long-stroke magnets 
to reduce the slap in closing, and sometimes the entire 
magnet is immersed in oil to deaden the noise. One 
type of constant-air gap magnet, which is very quiet, 
absorbs the energy of rotation in a small auxiliary 
mechanical brake. . 


It is realized that if a mechanical brake action could 
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be accomplished automatically in a magnet brake, 
smoother stopping results on alternating current could 
be obtained. Three manufacturers have tried the fol- 
lowing schemes: A single magnet with the main brake 
spring partially counteracted by a weaker spring is 
used, and a dashpot is so arranged that the brake shoes 
are applied with partial pressure which quickly in- 
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creases to maximum. The main objections to this are 
the use of a dashpot and the fact that the operator 
does not have any control over the weak and strong 
settings. Another scheme is the use of two independent 
magnets or complete brakes, in which case the operator 
has control over the weak and strong settings, giving 
good stopping results. The objection to this is the 
use of two magnets. The third method consists in 
the use of a single short-stroke polyphase magnet with 
a variable reactance in the magnet circuit proportioned 
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to break the seal of the magnet but still maintain 
sufficient current in the brake coils to partially counter- 
act the brake spring tension. As the car control switch 
is moved towards the “off’’ position, this reactance 
is decreased so the action of a mechanical brake is 
practically reproduced. This has worked out suffi- 
ciently well so that it is being used on elevators driven 
by single-speed motors and running 300 ft. per min. 
An objection to this method is the noise which is always 
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present to some extent when the reactance is cut into 
circuit. 

The last two types must be so wired that there will 
be no way for the operator to hold the weak brake 
condition when the car is close to the terminal landings. 

As a safety measure all magnetically operated brakes 
are so designed that the brake is released by the magnet 
and applied by springs or weights, so that a failure 
of power will always stop the elevator. . 
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SAFETY DEVICES 


These may be classified as electrical and mechanical. 
The mechanical are so closely allied to the electrical 
that they will be briefly described. The principal 
safety devices are, guide grips and overspeed governor 
with governor switch, car-operating switch, car safety 
switch, terminal-limit switches, overtravel-limit switches 
slack-cable switch, door switches, compensating-cable- 
sheave switch, buffers and air cushions. 


Fig. 16—Car SAFETY SWITcH 


Guide Grips and Overspeed Governor. Guide grips 
have been made in a number of different types such as 
eccentric, dog, roller, and wedge, the wedge type now 
being almost universally adopted. See Fig. 14. The 
mechanism, is mounted below the car with a small 
winding drum which is connected to the overspeed 
governor by a steel cable. The holding of this cable 
at excessive car speeds rotates the drum so that the 
wedges force the grips against the guide rails and stop 
the car. 

Usually a fly-ball type of governor is used in connec- 
tion with the guide grips so arranged that the cable 
referred to rotates the governor shaft. The governor 
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is arranged with a grip so that if the normal speed of 
the elevator is exceeded by a fixed amount it holds 
the governor cable and effects the setting of the guide 
grips. 

It is accepted practise to install a control switch 


on the governor, so adjusted that the switch will trip 


to open the control circuit and disconnect power from 
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the motor at a speed lower than the speed at which 
the guide grips act. This switch prevents the guide 
grips from setting in case of a slight overspeeding. 
The switch is arranged so that it cannot be reset 
unless the guide grips are in the running position. 

Car-Operating Switch. The car-operating switch 
usually has the automatic return or self centering 
feature so that if the operator’s hand is removed from 
the lever it will return to the off position. See Fig. 15. 
It also is ordinarily provided with a center latch so 
arranged that any accidental leaning against the 
switch will not move the lever to the running position. 


Car Safety Switch. The car safety switch is for 
the purpose of stopping the car in emergency in case 
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of the jaititves of” the car operating switch. Fig. 16. 
It is wired ina separate cable of opposite polarity to the 
car-switch cable, so that in case of grounds, etc., in 
the car-switch cable, the car safety switch will not be 
thrown out of commission. 


Terminal Limit Switches. These act each time the 
ear approaches the terminal landings, and function 
to bring the car to rest at these landings in case the 
operator is careless. See Figs. 17 and 18. They may 
be mounted on the car and operated by cams in the 
hoistway or vice versa for a traction-type elevator. 
These may also be used on a drum-type elevator al- 
though frequently limit switches geared to the ele- 
vator machine are used instead. 
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Overtravel-Limit Switches. Overtravel hoistway limit 
switches, Fig. 18, are always mounted in the hoistway 
and are operated by cams on the elevator car. They 
are placed beyond the normal range of car travel, and 
function to stop the car in case of the failure of the 


Fig. 19—Sniack-CaBie SwitcH 


regular terminal stop limits. It is very desirable and 
the usual practise. to arrange the connections to these 
limits so that the car cannot be backed out of them by 
manipulating the car switch. This gives an added 
safety feature as it requires the operator to call the 
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attention of an electrician or someone connected with 
the maintenance department to the fact that the car 
ran into the overtravel limits, and have the cause of 
this overrunning corrected. 

Slack-Cable Switeh. Ordinarily this is used on a 
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drum-type elevator to open the control circuit in case 
of slack cable caused by the car or counter-weight being 
caught in the guides. It is operated automatically 
when the cables slacken. See Fig. 19. It is sometimes 
mounted on top of an elevat orcar of high travel. trac- 
tion elevators where the cable weight is so great that 
the machine may not entirely lose traction in case of 
the bottoming of the car. 

Door Safety Switches. These, Fig. 20, in combina- 
tion with door locks, prevent the car from operating 
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unless all doors are closed and locked. The design 
requirements of these devices are in many cases regu- 
lated by safety codes. There are numerous types 
manufactured and many have little value, so that door 
locks and switches should be investigated before 
installing. Some combinations lock the car-operating 
switch in neutral while the door is open. Others inter- 
rupt the car-control circuit when the door is open. 
Because the large majority of elevator accidents are 
due to not using suitable door interlocks, it is advisable 
to use them even though it decreases the service of 
the elevator to some extent. (See Part I.) 

Compensating Cable Switch. This is connected so 
that it is opened by the lowering or raising of the com- 
pensating cable sheaves in the pit. See Fig. 21. The 
switch interrupts the control circuit and stops the car 
should the sheaves lower to any appreciable extent due 
to cable stretch. Also, in case of the car or its counter- 
weight being caught in the guides, the compensating 
cable sheave will raise and operate the switch to cut 
off power. 

Buffersand Air Cushions. A buffer is always required 
under the car. For lower speeds a spring alone is 
used, but for higher speeds a combination of oil dash- 
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pot and spring is used, Fig. 22. These must provide 
a retarding effect so that maximum retardation will 
not exceed 64.4 feet per second per second. 

At one time an air cushion was required for certain 
service in certain localities. This consists of a hoist- 
way practically air tight at the lower end for a certain 
percentage of the total height. This involved very 
expensive enclosure construction and while effective 
in retarding the motion of a falling car it is understood 
the air cushion has been practically abandoned as 
unnecessary to safety. Another disadvantage of this 
scheme is the additional power required to move the 
car due to air friction. 


PROTECTIVE DEVICES 


Besides the various forms of brakes and safety devices 
above described most elevators are protected against 
abuse by the following apparatus: 

Main Line Service Switch and Fuses. These are 
mounted in an accessible location in the elevator 
machine room and are usually enclosed in a metal 
cabinet, preferably with an externally operated knife 
switch, and with a mechanical interlock making it 
necessary to open the knife switch before the cover 
can be opened to inspect or replace fuses. 

Circuit Breakers and Overload Relays. Circuit- 
breaker protection of individual elevator motors is 
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not very often used inasmuch as the National Electrical 
Code requires fuse protection of elevator motors even 
when circuit breakers are used. 

Frequently, however, in addition to the service 
fuses, overload relays are used in order to secure pro- 
tection against overloading of the elevator itself. 
The overload relays are set below the fuse rating so as 
to prevent the blowing of fuses. The overload relays 
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are sometimes made to reset automatically with the 
return of the operating switch handle to neutral, so 
that after an overload it is unnecessary to go to the 
elevator machine room to again place the elevator in 
operating condition. ‘ 
Overspeed Slow-down Relay. Some builders includ 

in their electrical equipment a voltage relay so con- 
nected that an overspeeding of the elevator in either 
direction will cause the relay to act and thus auto- 
matically retard the speed. This relay is set to act 
at a speed below that at which the overspeed governor 
is set. 


Phase-Failure Protective Relay. All alternating- 
current elevator installations on which the elevator 
motor may be continuously connected to the lines, 
such as hand-rope and push-button controlled elevators, 
include some form of phase-failure protection. Other- 
wise, upon the failure of a phase, the motor may be 
stalled on the single-phase condition, and burn out. 
The protective relay is usually a polyphase, shunt- 
wound relay with a control-circuit contact to maintain 
the control circuit of the elevator controller so long as 
the phases are all alive. The failure of any phase 
causes the relay to open the controller circuit and thus 
disconnect the motor from the supply lines. 


Phase-Reversal Protective Relay. Many State elec- 
trical codes now require a phase-reversal protective 
relay on all polyphase a-c. installations. Frequently 
the phase-failure and phase-reversal relays are com- 
bined in one device. The-reversal of phases immedi- 
ately opens the controller circuit and prevents the 
elevator motor being connected to the lines until the 
relation of the phases is corrected. 


VI—POWER CONSUMPTION 


Anyone connected with building or industrial plant 
operation is interested in the power consumed by 
electric elevators. The architect and engineer are 
interested. The building owner is interested. From 
a conservation standpoint, everyone interested in the 
country’s welfare is anxious to see the most economical 
use of electric power for all purposes. 


DETERMINING FACTORS 


There are so many factors entering into this problem 
that it is impossible to give any accurate power con- 
sumption figures for any one type of elevator with a 
given capacity and running at a given speed, with a 
specified load on the car and with a specified number of 
stops per mile of car travel. 


The operator himself is one of the variables. Some 
elevator operators run their cars to good advantage from 
a power economy standpoint, but many others are 
most careless in the way they operate. 

Besides the operator’s effect on economy other vari- 
ables are inertia (including the weights of the car, 
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counterweights, lifting ropes, balancing ropes, or 
chains, all moving parts of the machine etc.), rate of 
acceleration, and design and construction of all parts 
entering into the complete elevator. To show the 
importance of these factors, one company may design 
an elevator for a capacity of five tons that will have in 
its make-up approximately one half the material that 
another company may deem advisable for the same 
capacity and speed. When it comes to power con- 
sumption the lighter weight apparatus will naturally 
win out, even though it may not last long, due to its 
light construction. Therefore tests showing power 
consumption are naturally subject to all the variations 
that are inherent in elevator manufacture which is 
still somewhat lacking in standardization. 


Regardless of all these variables it is of course possible 
to quote actual test figures for various types of elevators 
so that a general idea of the power consumed may be 
obtained. 


The power consumption of electric elevators ranges 
from two to three kw-hr. per car-mile up to ten or more 
depending upon the variables mentioned above, but 
depending mostly upon. loads, speeds, rate of accelera- 
tion, and number of stops per car-mile. Elevators 
make as many as 25 miles of travel per day so that even 
in a day’s time the total energy consumption in a large 
office building is considerable and should be kept down 
to a minimum. 


RESULTS OF TESTS 


Geared, Drum-Type Elevators. An average of several 
drum-type, geared elevators, with capacities between 
2000 and 2500 pounds, at 350 to 400 ft. per min. 
regular service indicates the following results: 


Total miles Kw-hr. per 
Capacity Speed per day car-mile 
2000 350 11.25 3.98 
2500 400 10.90 4.35 
2000 400 15.20 3.58 
Average 12.45 3.97 


Gearless Full Wrap Traction, 1 to 1 Roping. The 
following results were obtained from actual test of an 
elevator rated at 2500 lb., 500 ft. per min. with 800 lb. 
over-counterweight. Values are averaged for up and 


Kw. hours per car-mile 


Stops per car-mile Balanced Full load 

0 1.20 1.82 
50 2.22 3.39 
75 2.90 4.07 
100 3.50 4.80 
125 ‘4.10 5.46 
150 , 4.28 5.93 
200 5.12 7.10 
250 5.81 9.07 
300 6.50 9.20 
400 7.90 11.50 
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down operation. The results are plotted in Fig. 23. 
The curves clearly show the variation in power con- 
sumption with load changes and with variation in the 
number of stops per car mile. 


Fic. 23—ReEsvu.ts or Test of GEARLESS FuULL-WRAP TRACTION 
Evevartor, 1-1 Roprine 


Values averaged for up and down operation. 


Another set of tests on a gearless 1 to 1 machine rated 
at 2500 lb., 500 ft. per min., in a ten-story office build- 
ing gave the following results. These are up and down 
averages. The car weighed 3900 lb. and there was 
1060 lb. over-counterweight. 


52 Stops per car-mile 
WoOaGN Te doz. ons sa aese 5 Operator | 666 | 1060 | 1360 | 2010 | 2360 | 2660 
Kw-hr. per car-mile...... ABR I 2.08) 1.95 1.87 | 2.15) 2.50))'3..22 
104 Stops per car-mile 
Beakiny Ws. Sonus setvas te Operator | 666 | 1060 2010 2660 
Kw-hr. per car-mile...... 3.09 2.86] 2.52 2. 92 3.86 
208 Stops per car-mile 
hoadin Ibis sss. sikidalie Operator | 666 | 1060 2010 
Kw-hr. per car-mile...... 4.91 4.19] 3.98 4.25 
416 Stops per car-mile 
Road in ih: J.2 Tee Phe 8 Operator | 666 | 1060 2010 
Kw-hr. per car-mile...... 7.29 6.75| 6.7 7.43 


A test was made in a fifteen story building. The 
elevator was rated at 2750 lb. at 500 ft. per min. The 
regular service test with approximately 100 stops per 
car mile gave an energy consumption of between 3.32 
and 4.738 kw-hr. per car-mile. 

The effect of increased number of stops is shown in 
the following results obtained from a test in a 22-story 
office building: 


Empty —Stopping at every floor........... 6.4 kw-hr. per car-mile 
Full Load —Stopping at every floor........... 1GF47 aS by Wane 
2/3 Load —Stopping at top and bottom only.. 2.4 “ “ “ « 
2/3 Load —Stopping at every Scor........... CE Cw 


A 22-floor 600 ft. per min. elevator with express 
service to the tenth floor and local service from the 
tenth to the twenty-second floor, traveling an average 
of 22 miles a day consumed 3.5 kw-hr. per car-mile. 
Local elevators in the same building operating at 
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400 ft. per min. traveled nine miles per day and con- 
sumed an average of 4 kw-hr. per car-mile each. 

Gearless Full-Wrap Traction Elevator 2 to 1 Roping. 
The only tests available for publication are shown in 
the following table. The elevator was rated at 3000 
Ib., 500 ft. per min., 1175 lb. over-counter-weight was 
used. Average up and down results are given: 


Kw-hr. per car-mile 
Stops per car-mile Balanced Full Load 

0 2.00 3.80 
50 2.90 4.60 
75 3.40 5.40 
100 3.90 6.00 
125 4.33 6.95 
150 4.81 7.80 
200 5.80 STL 
250 6.78 10.40 
300 7.68 11.10 
400 9.06 15.20 


Geared Half-Wrap Traction Elevator. A test was 
made on several elevators rated at 2500 lb., 600 ft. 
per min., with the following average up and down 
results: 


Stops per car-mile Load in lb. Kw-hr. per car-mile 
16 1100 2.06 
80 “ 4.20 
96 «“ 4.70 
16 2500 2.40 
80 «“ 4.80 
96 ‘ 5.20 
An elevator running 400 ft. per min. serving an 


18-story building and traveling an. average of 21.8 
miles per day showed a regular service consumption 
of 3.28 kw-hr. per car-mile. 

Another at the same speed in a 18-story building and 
traveling 19 miles a day consumed 3.88 kw- hr. per 
car-mile. 

The average of a lot of 400 ft. per min. elevators was 
3.8 kw-hr. per car-mile. 

The following test results were obtained with an 
elevator having a capacity of 2250 lb. at 500 ft. per 
min. The over-counterweight was 580 Ib. In this 
case the motor had a 8 to 1 speed variation by shunt 
field control. Had there been less or no control by 
shunt field variation the power consumption values 
would have been considerably higher. (See Part IIT.) 


Kw-hr, per car-mile 


Stops per car-mile Balanced Full Load 

0 1.50 2.05 
50 2.10 3.00 
75 2.50 3.43 
100 ‘2.92 3.90 
125 3.30 4.46 
150 Sod, 4.90 
200 4.23 5.91 
250 5.30 6.70 
300 5.90 7.55 
400 6.95 8,50 
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Lack of proper maintenance will also increase the 
power consumed. It is evident that all moving parts 
such as the machine itself, sheaves, guides, etc. must 
be properly lubricated at regular intervals in order to 
insure the most economical results. Also if the brakes 
are not properly adjusted the operators will find 
difficulty in making accurate stops without inching and 
the resultant loss in power. 


CONCLUSION 


While the above test figures are of interest they 
actually are of little comparative value on account of 
the many variables indicated under ‘Determining 
Factors.’ Some years ago the Cincinnati Gas & 
Electric Company made some operating cost tests on a 
great many elevators in its district. The averages of 
all these tests are given as follows: 


Freight ...... Cost ‘per clevator ae 5 fcicters arene on ee aera $8.00 per month 
. . MTs Dito aia s/a'sisie slerd einen cate eaten 1.09 per month 
14.64 per month 


Passenger... . 
2 1.26 per month 


These are, of course, costs for power only, and would 
not apply with present-day power costs. 

Attention is called to the fact that the big determin- 
ing factor in the cost of elevator operation lies in the 
number of starts and stops and not in the load carried 
by the ear. 


WAYS IN WHICH OPERATION AND MAINTENANCE 
AFFECT POWER CONSUMPTION 


It has already been mentioned that the operator 
himself is one of the important factors determining 
the power consumption of electric elevators. It is 
interesting to note how this factor affects the results. 

If an operator is so expert that he slows down the 
car as nearly as possible to the landing at which he is 
to stop and if he stops the car accurately with the 
landing without “‘inching’”’ he reduces the current used 
in slowing down or running at low speed and reduces the 
number of starts and stops by eliminating the inching 
operation so frequently used by unskilled operators. 
Besides this he improves the service of the elevator 
which point is of vital consideration. 

Evidently from the manner in which many elevators 
are run little attention is paid to this important factor 
in elevator economy. If building owners would realize 
the importance of this point it would be possible by 
careful instruction and competition between operators 
to materially cut down the power consumption on 
many installations. 

Towards this end a watt-hour meter might be in- 
stalled on each elevator. Also car-mile recorders and 
counters for registering the number of stops could be 
added. In this way accurate data on the performance 
of each elevator could be obtained. If an operator is 
assigned to a particular machine a bonus might be 
paid to the operator who showed unusual saving in 
power consumption due to skilful operation. In a 
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large building this would set up a rivalry between 
operators and might be very beneficial from the stand- 
point of the power consumed. 
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Discussion 


H. D. James: The selection of the proper size elevator 
ear and the proper speed of operation is very essential for the 
success of any installation. The tendency is to use car speeds 
of 500 to 600 ft. per min. on the larger installations and even 
higher speeds have been tried out in practise. Thé tendency 
in New York City towards very high buildings of the tower 
construction may lead to elevator speeds of 1000 ft. per min. 
or even more. 

In selecting an elevator speed, consideration should be given 
to the distance between stops. In an ordinary office building 
an elevator operating at 600 ft. per min. will have to travel at 
least two floors to obtain full speed for even a very short part 
of that travel. The power consumed during acceleration is 
an important part of the total power consumption so that the 
cost of operating at 600 ft. per min. in a low rise building may 
be out of proportion to the benefits ordinarily obtained, unless 
an improved method of control is adopted. 

The more rapid the rate of acceleration, the greater the advan- 
tage obtained from high-speed elevators. If the acceleration 
curve is the correct shape a very rapid rate of acceleration is 
just as comfortable as a slow rate. The human being feels 
the rate of change of acceleration more than the actual rate of 
acceleration. The correct curve can be obtained by using the 
second derivative of the speed-time curve. The use of the 
direct 1/1 traction elevator machine which eliminates all gear- 
ing is an important factor in obtaining a rapid rate of acceler- 
ation without discomfort to the passengers. 

In accelerating a motor using a rheostatie controller the 
resistance in circuit with the armature is changed in definite 
steps which tends to cause abrupt changes in motor torque. 
One way to reduce this effect is to provide inductance in the 
circuit. Every electric cireuit including a motor, has some 
inductance but this is small and a large number of controller 
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steps are required to avoid a disagreeable acceleration. A 
large number of controller switches in themselves decrease the 
rate of acceleration as time is required for manipulating these 
switches. It is true that improved operation can be obtained 
by slowing down the operation of certain switches, but there 
is a corresponding necessity for speeding up the contactors in 
other parts of the control. A better way to obtain the desired 
result is to introduce additional inductance in the armature 
circuit. If this inductance has the correct value few contactors 
are required in the control circuit and the acceleration curve 
ean be adjusted to conform very closely to the theoretically 
perfect curve. An important advantage in using the correct 
inductance is that when once adjusted the smooth operation of 
the car is not interfered with by minor changes in the time 
element of the individual contactors caused by the accumula- 
tion of dirt, change in friction, atmospheric conditions, ete. 

Recent improvements in elevators have been obtained by 
the use of a variable voltage system of control. The older and 
more common control known as the rheostatic, is operated 
from a constant voltage system, the voltage across the motor 
armature being varied by changing the resistance in circuit. 
The variable voltage system directly changes the voltage of 
the generator supplying the elevator motor and no rheostatic 
control is required in the armature circuit. Briefly, the system 
consists of an individual generator for each elevator motor. 
The armature of the motor is connected directly to the arma- 
ture of the generator and this circuit is not opened for normal 
operation. The direction and speed of the elevator motor is 
obtained by changing the direction and strength of the gene- 
rator field. The only rheostatic losses are those of the field rheo- 
stat in the generator circuit. 

This variable voltage system of control is inherently smooth 
in operation, as the field strength of the generator does not change 
abruptly giving the effect of an infinite number of control steps. 

_By properly proportioning the field winding of the generator, 
a very high rate of acceleration may be obtained following the 
theoretically correct curve for acceleration and deceleration. 
This system of control will permit an acceleration from rest 
to 600 ft. per min. in very close to two seconds. It permits 
elevators to be operated by a-c. or d-e. power circuits as the 
motor-generator set can be driven by either a d-c. motor or a 
polyphase or single-phase a-c. motor. The a-c. driving motor 
may be a synchronous motor adapted for power factor correction 
where conditions require such an arrangement. 

The power required when starting and operating at low speeds 
with the variable voltage system of control is less than with the 
rheostatic in the proportion that the generator voltage bears 
to the line voltage. For instance, if the generator voltage is 
25 per cent of the line voltage, the elevator motor can draw 
approximately four times its full-load current without exceeding 
the full-load demands from the line. This is particularly 
valuable where the source of power is alternating current. 
Alternating-current motors during acceleration take a current 
equivalent to two or more times the full speed value. With 
the variable voltage system of control, the power demand 
during acceleration may be less than full load. 

Where 500 or 600 ft. elevator speeds are used with the variable 
voltage system of control, the cars may be operated at reduced 
speeds with very little loss in efficiency, whereas with the rheo- 
static control, the power taken from the line is not reduced 
when the elevator speed is cut down. 

In making a landing with a rheostatie controller the car speed 
may vary over a range of 3/1 or 4/1, depending upon the load- 
ing in the ear, as the low speeds with this system of control are 
obtained by the use of armature series and armature shunt re- 
sistors, the voltage across the motor armature changing with 
the load. The variable voltage system of control can be de- 
signed to give close speed regulation at all speeds independent 
of the load so that the operator in approaching a landing can 
rely upon a definite car speed. This enables him to make his 
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landings with greater accuracy and materially reduce the time 
consumed at landings. The accuracy with which low speed 
control can be obtained independent of the load with this system 
permits stops at either limit of travel to be accurately set, 
insuring greater safety of operation. 

The magnet released friction brake used on elevator machines 
ordinarily functions to hold the car at the landings, the slowing 
down being accomplished by dynamic braking. If the friction 
brake is set abruptly, it causes a rough stop. In order to insure 
a smooth stop the tendency has been to ease up on the brake 
shoe so that the retarding effort of the shoe may not be much 
in excess of that required to actually hold the ear at the landing. 
This is a dangerous tendency as the brake is intended as one 
means for emergéney stopping. For that reason the brake is 
released by a magnet and applied by springs. If the brake is 
to be considered one of the safety means for stopping the car 
as well as holding it at the landings, the torque of this brake 
should be sufficient to stop within reasonable limits a fully 
loaded ear travelling down at full speed, or an empty car travel- 
ing up at full speed. This introduces difficulties in the design 
of the brake as the torque required to bring the loaded car to 
rest within a reasonable distance may be sufficient to cause 
a rough stop under normal operating conditions. It is, 
therefore, necessary to proportion the windings of the brake 
so that the shoes are gradually, though quickly, applied. The 
best way to accomplish this is by means of magnetic induction, 
as a mechanical dash pot of any kind may stick fast and thereby 
introduce a hazard. 

I would like to say a word about the high-speed geared ele- 
vator in comparison with the direct traction machine. It is 
well known that the efficiency of a low speed d-e. motor is 
inherently less than a high speed motor of the same rating, and 
this argument has been advanced as a reason for using a geared 
machine. Unquestionably there is a lower limit to the ear 
speed which can be obtained with a direct connected 1/1 traction 
machine and, therefore, it is necessary to use a gearing for low 
speed elevators. The gearing may consist of a 2/1 rope hitch 
on the ear giving half normal speed, or it may consist of some 
form of worm or spur gearing. The 2/1 rope hitch introduces 
additional friction losses and inereases the wear on the rope. 
It, however, does not involve maintenance of the gearing and 
is an advantage from that standpoint. 

All mechanical gearing has some clearance between the teeth. 
The high speed gearing for the steam turbine drive of ships 
reduces this clearance to a minimum by various mechanical 
expediences which, so far as the writer knows, have not been 
applied in the elevator field. The objection to clearances in 
the gearing for elevators is the lost motion when the torque is 
reversed. If the gearing is accurately cut and carefully ad- 
justed, this lost motion may not be objectionable when the ma- 
chine is first installed but the tendency of all gearing is to wear 
and wear increases the back-lash. Worm gearing requires 
thrust bearings to take the end thrust on the worm. ‘The clear- 
ance required for this end thrust and for the teeth of the gearing 
introduces a difficult problem with high car speeds. Low speed 
elevators may be accelerated and decelerated at a relatively 
slow rate but high speed elevators require rapid acceleration 
in order to obtain the full advantages of high car speeds; this 
rapid acceleration and deceleration increases the difficulty of 
maintaining a geared machine in satisfactory operation. 

If we assume that the overall efficiency of the high speed 
geared elevator can be made equivalent to the gearless machine 
we still have the advantage of eliminating all mechanical gear- 
ing which at best is a potential source of trouble. Where geared 
elevators have been installed in office buildings to operate at 
high car speeds, it would be interesting to know their rate of 
acceleration and deceleration; also how much the clearance in 
the gearing has increased after five or six years of service. 

H. P. Reed: Mr. James suggests that the use of a gearless 
elevator machine is an important factor in obtaining a rapid 
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rate of acceleration without discomfort to the passengers. It 
would be interesting to have Mr. James explain this, for it is 
not understood why the gearless elevator can have any advan- 
tage over the geared machine in this respect. 

The discussion included a statement that a large number of 
contactors decreases the rate of acceleration. This all depends 
upon the inherent characteristics of the contactors. They can 
be designed to give quick, smooth operation without the ne- 
cessity of making some contactors slower than others. With 
correct design of contactors the time element will not vary, 
but will remain constant indefinitely regardless of atmospheric 
conditions. 

Mr. James says that with rheostatic control, the slow car 
speed will vary over a range of 3-1 or 4-1, depending upon the 
loads. This is probably true of rheostatie control of a single- 
speed motor, but is not true of one having a wide speed varia- 
tion by shunt field control. 

Undoubtedly Mr. James’ remarks on the variable voltage 
system of control will be received by engineers with much in- 
terest. The two possible objections to this system are, first, 
the difficulty of “‘teasing’’ or ‘‘inching”’ for an accurate landing, 
and second, that the all-day power consumption may be higher 
than with other methods. 

Mr. James points to the lost motion between worms and 
gears as an objection to the geared elevator. If the elevator 
machine is properly built, this lost motion does not exist and 
high speed geared elevators have been in regular service for 
many years without this lost motion developing. The probable 
life from a satisfactory service standpoint of the elevator worm 
and gear, is in the neighborhood of 15 to 20 years. The mainte- 
nance of the worm and gear is not a serious item. It has been 
proven by actual comparative tests that the d-c. geared ele- 
vator with a 3-1 motor shows power economy over the gearless 
elevator on any installation requiring not less than 50 stops per 
car mile. 

David Lindquist: In the large expensive buildings being 
erected today, the whole venture may prove a success or a 
failure depending on whether you have adequate or inadequate 
elevator service. It is therefore of utmost importance to be 
able to predetermine the service conditions and the service 
requirements, because only by doing that properly can a satis- 
factory and adequate elevator equipment be installed. 

In other words, the first, and most important thing is to 
provide adequate elevator service in a building. Second, you 
have got to provide reliable service. In other words, main- 
tain such service under the most exacting and most severe oper- 
ating conditions. Third, you must provide elevator service 
that is reasonably economical. Fourth, you have to have the 
quality of service. In other words, smoothness of operation, 
easy access to the car and egress of passengers, ease of handling, 
ete. 

Mr. Reed’s excellent paper calls attention to the necessity 
of taking the operating requirements or the service require- 
ments of the building into account. Unfortunately, however, 
I feel that he hasn’t sufficiently warned you against taking 
average figures, average data, and applying those to specific 
conditions. While the human beings are considered, and have 
been called “unit packages of freight,” they are by no means 
unit packages or standardized as far as their size and shape 
is coneerned, and when you come to the mental attitude and 
the psychology, then you will find even greater differences than 
the physical differences of size and shape. 

The psychology of it is more important than anything else, 
because you will find that in certain buildings handling a 
certain crowd your average constants we will say for load- 
ing and unloading the ear don’t hold good at all. In 
other words, the average constants may give entirely too long 
a time. In other eases it is entirely too short. Take the hired 
help part of a modern office building today and you will find 
that you can handle them faster and more efficiently than most 
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any crowd. On the other hand, in hotels and department 
stores, you have an entirely different situation. The majority 
of the patrons will not be of the rushing kind, and therefore you 
have got to allow entirely other time constants for handling 
passengers of that kind. Some of the figures mentioned in 
Mr. Reed’s paper are averages, and no doubt good averages, 
but I warn you against applying those specific figures for 
special cases. 

In connection with speeds and capacities, Mr. Reed mentioned 
700 feet as very nearly the maximum speed. Mr. James pointed 
out that at the present time the tendency, particularly in New 
York and for high buildings, is toward much higher speeds. 
As a matter of fact, a thousand feet speed mentioned will 
probably not be the limit in the near future. 

Now regarding passenger service in office buildings, Mr. 
Reed has given a table, giving the relation between rise in feet 
and suitable car speeds. Those figures are good averages, but 
may, under specific conditions, and in many eases, be consid- 
erably modified in order to suit the requirements. 

Mr. Reed further mentions that for automatic push button 
service 300 ft. per min. is considered at the present time the 
speed limit. That is true with the method of push button con- 
trol that has been used in the past, where one passenger has 
absolute control of the car to the exclusion of all the rest that 
may want elevator service. 

Now push button controlled elevators have quite recently 
been very materially modified, particularly in reference to the 
method of control and the operating conditions. The method 
of controlling is substantially the same as with the car switch 
operated elevator, except that no car switch is required, and 
that the car stops in the direction in which it has been initiated 
at the desire of the passengers. In other words, there is no 
signal system except indicating that the car is going to stop 
at the landing, but no’signals to the operator, and no operator 
in the ear in many eases. 

At the present time there is being installed in New York City 
an elevator installation utilizing full automatic push button 
control for 700 ft. per min., in a high class office building. The 
reason for that is not to slow down the service and get less 
service, but to increase the rapidity of service or the volume 
of service as well as the quality of service with a certain number 
of elevators over what could be obtained with car switch con- 
trol at the same maximum speed of 700 ft. There will be a 
man on the ear, merely a guard. His functions is principally 
pressing the buttons as floors are called out by the passengers 
in the car. In any sequence, depending upon how they eall 
the numbers of the floors, in other words, they may eall 17 first, 
13 next, and 19 next, but in any sequence at all, the elevator 
will stop in proper sequence. 

At the same time, assuming, for example, that the elevator 
is ascending, in case a passenger on any floor wishes to go in 
the up direction, the car will automatically stop for him in the 
up direction, without the operator or the guard in the car even 
knowing about the fact that the signal has been set or the stop 
has been set for the elevator. 

Now that condition is somewhat modified by the control 
arrangement. An elevator may be in the up motion at the 
third or fourth floor. This elevator may be signaled to stop 
at the 19th floor for a passenger. In such a case that elevator 
is considered too far away from the 19th floor, so, therefore, 
the first elevator that reaches the 19th floor will stop there, 
although it hasn’t been dispatched by the guard in the car 
to stop there. 

On the other hand, if an elevator has been dispatched by 
the guard to stop at a certain floor and that particular car is 
waiting say four or five floors fram that particular floor, then 
this mentioned elevator would stop at that floor, not only to 
let out passengers, but also to take on passengers, and all the 
other elevators that may be active will not get the signal to 
stop there. By that method the number of stops required for 
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a certain service is materially reduced. You no doubt have 
noticed that frequently a car comes up, stops at the floor to 
let out passengers, and another car stops on signal at that floor 
to take on passengers for the same direction. That situation, 
of course, would be entirely eliminated. 

For apartment houses the control is somewhat modified. 
The elevator runs on a round trip schedule. In other words, 
of course the complete run up and down takes on passengers 
and lets off passengers, as the case may be, and no operator or 
guard is required. 

In department stores, for example, particularly where they 
are stopping at every ffoor, the guard’s only function is to press 
the closing button for his door and gate and the closing of the 
door and gate will initiate motion of the car and it goes to 
the next floor, gets up to the top floor and reverses. 

Mr. Reed mentioned that for department stores particularly, 
250 feet speed is the accepted and correct limit. I don’t quite 
agree with him. I believe that elevators can be operated satis- 
factorily and from an economical point advantageously at con- 
siderably higher speed. As a matter of fact, even 400 feet speed 
is probably not the economic limit. 

Mr. Reed points out that the average number of stops in 
office buildings will be from 125 to 175. While that is true, 
it deserves further consideration. No attention has been paid, 
to the size of the car. That is a very important consideration, 
because if you have a large car, carrying a large number of 
passengers, the number of floor stops naturally will be increased, 
and if the ear is very large, you stop at every floor, or practically 
so. 

I would like to make some statement about the 75 Ib. per sq. ft. 
loading as the accepted standard. While that is an accepted 
standard for the purpose of rating of elevators’ capacities, a 
_ baseball crowd, at, for example, 181st Street subway station, 
pays no attention to the standardized loading of 75 lb. per sq. ft. 
The average is often over 100 lb. per sq. ft. and, as a matter of 
fact, we have records of as high as 115 lb. per sq. ft. 

This, again, brings out the point that in order to put in 
adequate elevator equipment, you must know the service 
conditions. 

Suggestion is made to decrease the speed of an elevator for 
the purpose of economy. Now that economy, in the example, 
is a false economy. It only deals with economy of power con- 
sumption, and not with economy from a broad point of view. 


Mr. Reed figures out that the interval of time, by using the 


higher speeds, is only decreased from 17.58 to 16.65 seconds, 
in other words, less than one second. 

Looking into it a little more carefully, you will find that second 
is quite an important length of time. That difference in interval 
of time means in approximately twenty elevators you can save 
one. Now Mr. Reed has figured out that the power saved per 
year for ten elevators amounts to $288.00, for twenty elevators 
therefore it would amount to twice that, call it $600 per year. 
How much do you think that you save per year if you reduce the 
number of elevators from 20 to 19? Why, you save several 
times that amount in a building, because the space alone is 
worth considerably more than the power saved. 

The statement is made about the half wrap traction machine 
that the principal objection is that the traction between the 
ropes and the driving sheave varies with wear of the driving 
sheave. That is true with the ordinary V groove sheave, but 
with a modified construction of sheaved grooving is not true 
at all. The traction remains with that construction just the 
same as it does on the U groove. 

Now with the wear of the V groove naturally your pressure 
angle changes, and your traction is decreased. Now, on the 
other hand, if you want to make a single wrap machine, or half 
wrap, as Mr. Reed prefers to eall it, out of this machine, all 
you have to do is to undereut your groove and as wear takes 
place your pressure angle doesn’t change, and your traction 
remains practically constant. Mention is made that it is still 
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an open question whether the full wrap or half wrap machine 
is the better. It is true, under certain conditions, the double 
wrap is better than the single wrap or the full wrap is better 
than the half wrap. 

The statement is made that cable life is generally a little 
longer on the half wrap machine. 

There again is one of those general statements that while 
true, are quite misleading. If you consider the total number of 
machines in service then it is true but on the other hand the great 
majority of machines with half wrap consist of geared machines, 
in which the sheave diameter is considerably larger, for various 
reasons, than employed with the double wrap, which has prin- 
cipally been used on the gearless traction machines. 

One thing, however, is true about the half-wrap, and that is 
that you have got to be careful in selecting your sheave diameter 
and the number of ropes and the load per rope, and also the 
quality of the rope, because the surface pressure between the 
rope and the sheave is very much higher, and for the same trac- 
tion effort is more than twice as high as it is with the U groove. 

Certain trouble has been experienced due to the fact that 
this particular situation was overlooked, and in quite a few 
cases excessive wear of the driving sheaves has been found. 

Another statement regarding the slower speed motor for 
the gearless traction machine. ‘‘That inherently means a 
very large machine.” That is true. ‘“‘and therefore, to keep the 
size down only a small range of speed is obtained by a change 
in shunt field.” That statement is also true, but I think it, 
is somewhat incomplete. I believe that it might be well to 
add there that due to the large time constant of a field of a 
large motor, for the sake of rapidity of acceleration, it it un- 
suitable to use a large field variation, even if cost was not con- 
sidered. 

In reference to duplex or tandem gear machines, I believe 
that his statement is somewhat misleading. I refer to this 
statement: “The field of the tandem-gear elevator is heavy 
duty continuous service since it minimizes gear pressure by 
using three points of gear contact.’’ Well, that is true, it has 
three points of gear contacts but only two of those are in contact 
with the worm. I made the general statement here that as 
far as I have been able to find, from my experience with geared 
machines, there is no advantage at the present time with a tan- 
dem-geared machine. As a matter of fact, a single-gear machine 
with properly designed thrust bearings, is superior to the tandem- 
geared machine. There may be cases where you, on account 
of space conditions, require a machine that is built on the style 
of a Los Angeles bungalow. There, of course, a tandem-gear 
machine has certain advantages. The tandem-gear really 
had its days when proper ball bearing thrusts couldn’t be obtained. 

I don’t think that anyone would seriously consider it a cinch 
automatically to level a 600 ft. elevator by shunt field control 
or by frequency changing in an a-e. elevator and level that 
elevator automatically within an eighth of an inch, or say even 
a quarter of an inch of the landing sill. Still, by reading the 
author’s statement I got that impression. 

In regard to counter-weights, attention hasn’t been paid 
to the fact that frequently it is necessary to modify the counter- 
weight on account of lack of traction. Then there is a statement 
about the benefit of the flywheel effeet for smooth opera- 
tion. Now there again I don’t think that anyone would seri- 
ously consider adding flywheel effect to an elevator motor 
for the purpose of obtaining smooth operation. Now I want 
to call your attention to the fact that the gearless machine, 
with the best operation, has the least possible flywheel effect. 
While it is true that flywheel effect may aid a poorly operating 
controller, I don’t think that anyone would put in flywheel 
effect for that purpose. 

I am just going to conclude with reference to rating of ele- 
vator motors. The statement that the 15 or 30 minute rating 
with full load is sufficient to determine whether that elevator 
motor would not overheat in service. Well, such a test has 
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absolutely no significance, particularly when it comes to two 
speed a-c. motors. 

H. P. Reed: We will grant, as has been stated in the paper, 
that the service calculation given, comes far short of covering 
all cases as it was not the intention of this paper to present 
details which could only be of interest to those directly connected 
with the elevator business. A complete treatment of this sub- 
ject would in itself require a full text book. 

The high-speed push-button elevator described by Mr. 
Lindquist, is very interesting and theoretically ideal, but as those 
experienced in the art will grant, the more complicated the de- 
vice is made the more trouble is to be expectéd. In other words 
the advantages Mr. Lindquist claims is to inerease the elevator 
service so as to reduce the number of elevators and save building 
space. However, in the scheme described it is feared that com- 
plications have been added which will increase maintenance 
to such an extent that it will require additional elevators to 
take care of shut-downs. 

In the discussion Mr. Lindquist stated that the paper held 
250 ft. per min. as the maximum speed for department store 
elevators. The average speed, which applies to about 12-ft. 
floor heights, was given as 250 ft. per min. in the paper, but it 
will be noted that the paper mentions a speed of 350 ft. per min. 
as a possible good maximum. This speed would be all right 
in a building having 15-ft. floor heights. 

Mr. Lindquist said he felt the paper could not possibly mean 
what it evidently conveys, that floor leveling can be accomplished 

‘with a shunt field control motor, but as there are many in 
operation giving accurate results with this arrangement, there 
is no objection to interpreting the paper in this manner. 

Mr. Lindquist touched briefly on heat specifications for 
elevator motors. This is a very good point and it is hoped 
that someone in the near future will come forward with a paper 
giving suggestions of specifications for actual installation heat 
tests for elevator motors. 

J.J. Matson: There are two main points which I wish to 
discuss in Mr. Reed’s paper. The firstis the advantages and 
disadvantages of a high rotor moment of inertia; second, 
the application of alternating current motors to passenger 
elevators. 

A high rotor moment of inertia increases the power consump- 
tion during starting. It also tends to increase the size of brake 
required. It has often been pointed out that service and smooth- 
ness of operation are two of the main features of an elevator 
installation. This is particuarly true when dealing with pas- 
senger installations. Provided a large moment of inertia is 
used, the smoothness of retardation and acceleration is improved. 
This is evident on account of the larger amount of stored energy 
in moving parts. The larger this energy compared to the 
power being required for moving the elevator the smoother is 
the starting and stopping. 

Mr. Reed has stated that he believes the limit of a-c. motors 
on passenger elevators to be at approximately 350 ft. per min. 
I would take exception to this statement, inasmuch as there are 
several very satisfactory installations at the present time using 
a ear speed of 425 ft. per min. Other installations have been 
recommended when using a-c. motors to run at 500 ft. per min. 
This I do not believe is too high a cage speed when using a-e. 
2-speed motors. 

The higher-speed equipments when using d-c. power supply 
uses a gearless drive. This consists of a low-speed motor, 
direct connected, to the driving sheave. A low-speed d-c. 
motor is a good electrical proposition. When you go, however, 
to alternating current, there are many inherent difficulties in 
reducing the synehronous speed so as to use a direct-connected 
motor. This can be readily understood when it is pointed out 
that in order to obtain a synchronous speed of 72 rev. per min. 
it would be necessary to furnish a 100-pole induction motor. 
Then when you consider that, in order to get slowdown for 
accurate stops, it would be necessary to cut this speed at least 


in a third, it is evident that a 300-pole low-speed motor would 
be desired. For the size of motor involved, this is at the present 
time practically an impossibility. 

We, therefore, can consider that the a-c. installations must 
be of the geared type, and not only must the motor charac- 
teristics be considered, but also the gear characteristics must 
be considered. At the present time, I believe I am correct 
in saying that there are few elevator gears in operation at speeds 
exceeding 500 ft. per min. Undoubtedly, the elevator manu- 
facturers can design and satisfactorily build higher speed gears 
and still obtain a very satisfactory device. It, therefore, appears 
that there are two limiting features: first, the gears, which is 
entirely the elevator manufacturer’s problem; second, the motor, 
which is an electrical problem. 

Relative to the electrical design of the motor, it would be 
possible to install a variable frequency and use this frequency 
instead of a difference in number of poles. in order to obtain 
slow downs. This same set could also be used in acceleration 
with the inherent degrees of power consumption. I believe 
that the use of a multi-frequency should be considered and 
investigated, as it certainly appears to be one of the several 
ways that will enable us to increase elevator speeds when 
using a-¢c. equipments. 

H. P. Reed: Mr. Matson mentions that the paper gives 
the limiting speed of a-c. elevators as 350 ft. per min. At 
the time the paper was under preparation, this was essentially 
so, but since that time, at least one installation has been made 
of four elevators traveling regularly at 540 ft. per min. This 
speed was obtained by the use of motors having a 4-1 speed 
range. : 

Mr. Matson’s further comments on a-c. motor design limi- 
tations will be weleomed by everyone interested in electric 
elevators. 

A statement was made in Mr. Matson’s discussion which 
pointed to the gearless machine as the only type used for the 
higher car speeds. Exception should be taken to this statement, 
as there are many geared elevators used on high car speeds. 

E. B. Thurston: Reference is made to the downward 
tendency of elevators speeds. I don’t believe it was the inten- 
tion of the committee or the intention of Mr. Reed to give the 
impression that seems to be given. Therefore it is advisable 
to add to that a suggestion that it only applies to a high number 
of floor stops, because we all know there are installations of 600 
ft. per min. where the elevator is stopping at practically every 
floor, and the higher speed is a very uneconomical installation. 

In reference to that statement by Mr. James regarding the 
rate of acceleration, from our experience on the elevator side 
we fail to agree with him that the acceleration should be any- 
thing but constant. You cannot, it seems to us, change the 
rate of acceleration without its being objectionable to the pas- 
sengers riding. There are many installations where this is 
quite evident. There are probably very few of you in the crowd 
who have not ridden on elevators which always start out too 
fast and objectionable. 

A standard is mentioned in the paper of 5 ft. per sec. per sec. 
as quite satisfactory. If you exceed that very much it is ob- 
jectionable to many people. 

Mr. James also made mention of gears getting back lash in 
operation and stated that he didn’t know of any installations where 
how certain principles had been applied to elevator gears. I 
would like to state that such principles as he mentioned have 
already been applied to elevator gears, and are working out 
very practically. He also questioned the possible rate of 
acceleration of geared machines. I would like to give him a 
test made on a geared machine operating at about 630 ft. per 
min. in regular service. Its rate of acceleration, with 1830 
pounds unbalanced load on the car, was just 234 sec. It is 
possible with a geared machine to get and obtain any rate of 
acceleration, irrespective of the load and it stays put. It is 
interesting to note, because generally I have been an advocate 
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of some shunt field control, the results that have been accom- 
plished. With the gearless type of elevator it is not yet pos- 
sible to build a motor with any appreciable amount of shunt field 
control. While the gearless machine is a simple mechanical 
machine, it seems to have sacrificed desirable electrical character- 
istics, all day operating efficiency, positive speed control, cost of 
maintenance and constant rate of acceleration, irrespective 
of direction orload. The results of the last two years of develop- 
ment to get a method of controlling the gearless machine have 
brought out many new and interesting features. It is interesting 
to note the use of the multi-voltage, the variable voltage con- 
trol system, ete.; but even with all these added it is still a big 
question as to whether it is equal to the economic running 
and cost of maintenance of the straight shunt field control. 

H.P. Reed: Mr. Thurston no doubt refers to the statements 
appearing on page 328, column 1 in the third from the last para- 
graph. Mr. Thurston’s comments are appreciated, as it is 
agreed that the statement could be much improved upon by 
adding the facts brought out in the discussion regarding the 
power economy with higher car speeds under certain service 
conditions. 

It is felt that the statement in the paper is true for elevator 
service requiring an average of a stop for each elevator at every 
other floor. 

W.S. Atkinson: Many of the larger cities and some states 
have elevator codes which prescribe with considerable definite- 
ness the provisions that must be made for safety, and these 
frequently involve major features of design in the installation. 
For example, while 75 lb. per sq. ft. of floor area is generally 
accepted standard for determining rated capacity of passenger 
elevators, as stated in this paper, some codes prescribe 60 lb. 
for elevators in hospitals. There are also limitations in regard 
to the application of hand rope and hand wheel control, types 
of governors and ‘‘safeties,’’ ete. 

Hence, elevator manufacturers are not always entirely free 
in selecting equipment but must consult such local authority 
when it exists. 

In the example worked out on pages 327 and 328 to de- 
termine the number of elevators required to serve a hypothet- 
ical New York Office Building, it is noted that the elapsed time 
from the departure of the car at main lower landings to its next 
departure therefrom, is designated as ‘“‘time of round trip.”’ Insuch 
calculations the writer prefers to apply this term to the actual 
time the car is away from the main terminal landing,—the 
elapsed time from departure of car to its return, which is ac- 
tually a round trip. The distinction is of practical importance 
as affording a measure in comparison, excluding as it does the 
arbitrary allowance for lay-over or waiting time at main landing. 
The writer used the term in the sense here used in a paper some 
two years ago outlining this method of developing car schedules, 
but has abandoned it for the reason stated. 

Also the wisdom of serving the sixteen story office building 
entirely by local elevators, as is here shown as an example, 
instead of dividing the 10 elevators into the express and local, 
will be questioned. 

The majority of elevator installations going in today outside 
of the field of the high-speed gearless machine, are alternating 
current, and the’ importance of developments in motors and 
controllers for this application is to be emphasized. The 
advent of the two-speed squirrel cage motor and a realization 
that blocks of resistance in the primary could be used as a means 
of control have marked two important steps in recent successful 
extensions of the field of a-c. installation, the three-to-one speed 
ratio being the favorite. A very recent development is the 
six-to-one speed ratio squirrel cage motor where the low speed 
winding is made use of in approaching a landing. 

H. P. Reed: From Mr. Atkinson’s discussion, it is assumed 
that perhaps the paper includes some statements that are too 
definite. It was thought that some fairly definite statements 
should be made in order to bring, out discussion. From the 
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number of written discussions received, it appears that the 
paper has served its purpose in this respect. 

Mr. Atkinson takes exception to the method of calculating 
the number of elevators required for an office building as given 
on page 327, column 2, in that all variable time factors are not 
introduced individually. It is felt that these factors carried 
through as one variable will give just as good results. 

It is admitted that the question of whether all local or local 
with some express service elevators shall be used to serve a 
16-story office building is open for discussion. 

The same factors as given can be used directly by dividing 
the elevators up into express and local. In a building of this 
height however, it is felt that either method may be used with 
good success. With express and local service for the calculation 
given in the paper, the frequency of service cannot be less 
than 24 to 30 seconds, but it is possible to empty the building 
in a somewhat shorter period than with all cars running local. 
This condition means that the best elevator service can be 
obtained by express and local for the outgoing rush hour to 
empty the building quickly and at all other times all the ele- 
vators may be run local and still maintain a floor frequency 
service of 16 to 20 seconds. 

Mr. Atkinson’s remarks on the application of a-c. motors to 
high-speed elevators are most timely. The demand for such 
equipment is increasing by leaps and bounds, and it is only a 
question of time when more and more a-c. elevator installations 
will be made in the down-town districts of our large cities. 

Theo. Schou: Gearless traction motors are being built 
with a speed of 50 rev. per min. with a full field. By weakening 
the shunt field, this type of motor may be operated at a speed 
as high as 85 rey. per min. with good commutation. It is be- 
lieved that by a further study into this type of motor, a special 
design could be created whereby shunt field speed could be 
brought down to probably 35 rev. per min., giving a shunt 
field control from 35 to 100 rev. per min. Though this type 
of motor has a high running efficiency, the actual operating 
efficiency is probably lower than the geared machine, due to a 
rather less amount of shunt field control, necessitating consid- 
erable control by armature resistance. If this type of motor, 
therefore, could be designed with a lower shunt field speed, it 
would have a higher operating efficiency. 

The name plate ratings of elevator motors should indicate 
starting torque and pull out torque, as well as horse power rating. 
This would give the elevator builders more definite information 
in regard to the motor from which to design their installations. 

Direct-current motors in most cases have sufficient starting 
torque when provided with shunt field only; a 10 to 25 per cent 
compound winding for starting is only necessary for low speed 
heavy duty service. This compound winding is short-circuited 
after starting, and it is very difficult to completely short this 
winding under operating conditions, and therefore, difficult to 
obtain good speed regulation under varying load conditions. 

Direect-current shunt-wound adjustable-speed elevator motors 
can be built with a speed range of one-to-four and still obtain, 
by special design, stable speed condition when running at high 
speed with a weakened field. 

Both the single a-c. squirrel cage motors with stator windings 
for two or three speeds, with speed ratio one to three, or even 
one to six, and also slip ring squirrel cage elevator sets with a 
speed range of one to three are being built, and it is believed 
both these types of a-c. elevator motors have their place and 
will continue to hold their respective places in the future. 

The slip ring squirrel cage motor is built as two motors, and 
assembled as a 2-bearing set, the low-speed squirrel cage motor 
being used for dynamic braking when run over speed. 

It is true as stated in the paper that the future points to more 
developments and the supremacy of a-c. elevator motors in 
comparison with d-e. motors. In the past, there has been a 
great deal of objection raised to the noise of a-c. apparatus, 
including the motor, controller and magnetic brake. This 
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trouble has -been eradicated by furnishing motor driven con- 
trol in place of the noisy magnetic control, and this has inspired 
motor builders to do all possible to remove the noise from 
their motors so that the a-c. equipment of modern type can 
now be procured for very quiet operation, and is controlled 
much better today than in the past. 

H. P. Reed: Mr. Schou suggests a wider range of speed 
control by shunt field regulation for d-c. gearless traction ele- 
vator motors. This is a good suggestion, as a design of this 
nature will give the advantage of greater power economy, as 
well as more positive low speeds under different loading con- 
ditions. However, it is believed that Mr. Schou’s suggestion 
of a maximum speed of 100 rev. per min. or even 85 rev: per min. 
is not practicable for a gearless machine with one-to-one roping 
as this would mean car speeds greater than allowed by law at 
the present time as it is considered that the approximate mini- 
mum diameter of driving sheave is 30 inches. 

Arthur Liebenberg: The most significant statements in 
the paper seem to the writer to be : 

(1) That -elevators of the worm gear type are now pro- 
duced, giving perfect service at any speed up.to 600 ft.- per min. 

(2) That the safety and economy of cg Lt now seems 
to be superior to the gearless. 

(3) That excessively high car speed is Sime and does not 
necessarily accelerate the traffic. 

The writer would like to give a few added details of how and 
why this is true. 

The tardiness of the worm geared elevators in claiming a 
plaee.in the highest class of service has been due to the failure 
to-perfect its details rather than any inherent fault of the type. 
The reverse is true of the type, for it was evident to the first 
inventor that the shunt motor had all. the safety and other 
features needed but that some gearing was necessary to com- 
bine a commercially possible motor of 800 revolutions. with 
a practically possible car speed requiring a 60 revolution drum. 
Nothing seemed more obvious than a worm gear and therefore 
it was the first used, and -has been used for the lower speeds 
ever since. Only recently; however, designs and machinery 
have been perfected for producing commercially a satisfactory 
worm and gear. Today they can be produced, hobbed if you 
please, so they will run perfectly without any grinding in. 
The surfaces in contact are sufficient to give proper oil flotation 
so wear will not show in years of service. 

The second factor that made the worm geared elevator for 
high speeds not only possible but most logical was the develop- 
ment of the interpole shunt motor. 

The interpoles fix the point of commutation so that definite 
speeds can be obtained with variable loads by means of shunt 
field regulation. 

The speed range for elevators having variable, positive and 
negative loads may be as much as 3% to one. 

All these speeds can be fixed within 3 per cent regardless of 
the load. Sparking or flashing on the commutator is avoided 
and heating need not be considered: 

The motors are wound plain shunt except for the series turns 
on the interpoles. Some current is maintained in the field to 
give fast acceleration. For elevator work such a motor is ideal 
where direct current is available. For alternating-current, 
two-speed motors have now been developed having similar 
characteristics to the d-c. shunt motor. These also require 
gearing to keep the motor within commercial limits. 

The interpole motor is desirable for elevator use because, 

(1) In its economical speed range it is inherently safe from 
runaways for a wide range of loads. 

(2) It has so much excess capacity at low speed that it can 
be given as fast acceleration as may be desired. 

(3) The fixed low speed permits most accurate floor stops 
to be made. These stops are so definite that they can be made 
automatic if desired. 

(4) The control is simple consisting of line and reverse 
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switches and resistors in armature and field. The surplus 
power eliminates all questions of safety, leaving the problem of 
acceleration simple. With automatic and uniform timing of 
control steps the car accelerates in equal times regardless of the 
load. 
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220 volts. Each division 10 amperes. Read right to left. 
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Elevator capacity 3000 lbs. at 400 ft. per min. : 
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Full load starting current.................+- 60 amperes 
Full load accelerating current............... 130 amperes 
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Fall Joad. running et clenGyinis0nc5is- clase eee ees 70% 


Power consumption between 2% and 3 kw-hr. per cm. mils for office 
building service. 
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It is economical because armature resistance, which is used 
only in accelerating up to the slow speed is all cut out when the 
car has traveled 12 inches. The field regulation used in accel- 
erating above the low speed entails practically no loss. Dy- 
namic braking regenerates the energy of starting and restores 
it to the line as useful current. See graphic ammeter curves 
in Fig. 1. The running efficiency is so near that of the gearless 
that these savings make its average efficiency much greater in 
any service where the loads are variable and the stops frequent. 

Variations in speéd in a standard shunt motor without inter- 
poles amount to 15 per cent either from balanced load to positive 
or negative full load. Hence in a gearless equipment even with 
multiple voltage control the low speed for stopping will probably 
vary that much with differences of load. Hence while these 
expensive luxuries will improve the efficiency they leave the 
problem of making accurate stops to the second extravagance, 
the levelling device. 

With the fixed low speed of the interpole worm gear elevator 
the power ean be cut off at a point within about 8 in. of the floor 
and an accurate landing assured. The stop is attained with a 
combination of dynamic and two shoe brakes, one on the worm 
and the other on the drum itself. The drum brake prevents the 
slap from back lash that would oceur when the direction of pull 
is reversed on the worm. 

This brake has long been applied to the tandem worm gear 
but only recently to the single gear type. 

Worm gearing is much more efficient than usually thought, 
not less than 95 per cent in the average passenger elevator units 
having 9 to 18 revolutions of the worm to one of the drum. 

It is dependable and durable, showing little wear in 20 years 
of hard service. Ball or roller bearings are used to take the 
annular and thrust loads of the worm. The other bearings are 
provided with bushings of babbitt metal that are interchange- 
able. 

Drum type traction, which the author did not describe, con- 
sists of a single chased drum on which the six 5 in. cables used 
are laid together, giving each one and one-half wraps of contact. 
When the elevator moves these cables travel together, along 
the face of the drum, a distance of a single groove for each revo- 
lution. This amounts to about 10 in. for 150-ft. run of the ear. . 
The standard idler traction deseribed in the paper gets 2 half 
wraps so that slipping is usually imminent and the cables cannot 
be lubricated as they should. Further than this the idler triples 
the number of bends in the cables and the friction of the drum 
shaft and its idler. With the drum type of traction there is no 
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slipping, and creepage due to differences of the average load is 
limited by a switch in the drum. 

Readjustments of the cables is accomplished quite easily 
by running the car or weight on the buffers, relieving the traction. 

Seven years of experience assured us that this system of trac- 
tion is entirely safe and satisfactory. 

Timing and the control of resistors with small motors through 
cams, one for the armature resistor and one for the shunt, has 
prove very satisfactory. It is very quiet in operation and 
lends itself to the proper adjustment of the acceleration to get 
the fastest comfortable rate. 


Control is a prime requisite for good elevator service and the 
confidence born of smooth acceleration and accurate stops 
greatly accelerates the movements of the passengers entering 
and leaving the ear. 


The Warner Elevator Company has contributed largely to 
the development of the single worm gear elevator, which it 
has built exclusively since 1895. In 1915 it developed the ideal 
type deseribed herein, which it has produced in large numbers 
ever since. It has given such good and economical service in 
high buildings that the makers of the gearless types have had to 
resort to multiple voltage control for groups of elevators and 
variable-voltage Ward-Leonard control for single units to meet 
this competition. There seems to be no warrant for the gear- 
less equipment in buildings of less than 20 stories and not in 
them for local service. 


W. Hz. Patterson: The variable voltage control system 
is an old principle and one thing that hasn’t been spoken of very 
much here this morning was the noise and burning of contacts, 
on the control boards, which means cost of upkeep. That is 
one of the principal advantages in this system of control. We 
don’t open any heavy armature currents, such as 150 or 200 
amperes, but are merely handling field currents of three to five 
amperes. 


Mr. James gave you a brief description of this system, so I 
will not repeat. But I would like to point out to you the 
current consumption that we recently got in tests which were 
made, on some elevators traveling 12 floors, with 2000 lb. 
load, at 500 ft. per min. With the balanced load and 75 stops 
per car mile, we got 134 kw.; with 150 stops we got 214 kw.; 
with 300 stops, 3 kw. With full load in the ear and 75 stops per 
car mile we got 234 kw.; with 150 stops, 31% kw., and with 300 
stops, 4.7 kw. These tests show a remarkably low kilowatt 
consumption per car mile. They were made by our engineers 
and were recently checked by Mr. Bassett Jones of New York. 
He got practically the same results to the third decimal point. 
I therefore believe that this system of control warrants the at- 
tention of all elevator engineers and manufacturers. It offers 
the advantage, first, of smooth acceleration and deceleration; 
second, of low-current consumption; and third, low maintenance. 
The maintenance cost on your control board is going to be practi- 
cally negligible because of the small current you are handling. 
Fourth, it solves the problem with a-c. current for high speed 
elevators. While great progress has been made in the last few 
years with two-speed motors, I think there is considerable devel- 
opmental work yet to be done along that line to have it as satis- 
factory for high-speed passenger elevators as is the system of 
control such as this.. : 

H. P. Reed: Mr. Patterson’s discussion on the variable 
voltage elevator control is very interesting. It is felt however, 
that the power consumption tests do not tell the whole story 
on power economy. Test runs may easily be made with this 
system of control and show a considerable economy. However, 
it would be interesting to know just what the all day test will 
show, for instance, for an office building where there are not 
many stops per car mile, where the elevators are in service at 
least running not over 30 or 35 per cent of the time and where 
the standby losses of the generating equipment constitute 
quite an item in the power bill. 
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Bassett Jones: For the reason that not even an approach 
has been made toward a solution of the service problem in freight 
elevator engineering, I shall confine this discussion of Mr. Reed’s 
paper to passenger elevator engineering. The passenger 
problem is relatively simple because, as has been said, ‘‘the 
passenger is a standard automotive package that stacks itself 
in one tier.”” However, this is only approximately true since 
the package in question has ideas of its own. But, being 
human, he ‘does, in general, as all other passengers of his own 
class do, and so permits himself to be averaged as a member 
of a package group. Therefore there is some reasonable basis 
for treating the passenger as such a standard package. 

As Mr. Reed says, service requirements form the premises 
from which the character, arrangement and size of the elevator 
equipment should be deduced. This point should be heavily 
accented. The determination of service requirements is the 
only logical basis for the solution of any elevator problem, 
freight or passenger. Given the service requirements, a deter- 
mination of the most suitable size, duty, number, and arrange- 
ment of cars follows by mere arithmetic. But no amount of 
arithmetic will give the right answer unless the premises are ~ 
sound. An error in determining the probable elevator service 
requirements in a building leads to a wrong determination of 
equipment no matter if the subsequent calculations be most 
precise. 

Unfortunately the determination of service requirements 
must remain largely a matter of judgment based upon experience, 
and upon statistics gathered by painstaking observations. At 
best the answer is an intelligent guess, and so we have recourse 
to the best possible method of guessing—probabilities and fre- 
quency graphs. : 

Such studies in elevator services show that there are several 
important service factors, or rather coefficients, the probable 
value of each of which must be determined in each case before 
the probable service requirements as a whole ean be properly 
established. 

It is not merely a question as to how many people must be 
handled in a given time, but also what kind of people they are. 
Their working habits and group psychology must be determined. 
How promptly do they come to work, or leave, or go to lunch? 
How long ean they be expected to wait in the corridors for a car 
without complaining? 

All these and many others have to do with geographical loca- 
tion, vicinity to transit terminals, class and business methods 
of tenacity, ete. In these respects a bank building in Boston 
is not the same as a bank building in New York. Nor is an 
office building in down town New York the same as an office 
building in up town New York. Then, in office buildings alone, 
are the tenants, bankers and brokers with the attendant stream 
of messengers; are they professional; are they in insurance or 
in the textile trade? Are the tenants permitted to do small 
manufacturing such as clothing; will they in general occupy 
large areas with employees on the time clock, or will they occupy 
small areas and have few casual employees? ‘These are a few 
of the questions that must be answered. 

The renting management must also be considered. To- 
day, many buildings are inadequately elevatored, but had they 
been rented differently, would have ample elevator facilities. 
A single large tenant occupying separated floors may entirely 
upset the assumed desirable schedule. In general, the larger 
the individual tenants the worse the conditions will be. 

In addition the tendency of real estate development must be 
studied, also in a few years the building may prove to be hope- 
lessly under eievatored, or, on the other hand, it may be stranded 
with a costly equipment on its owner’s hands. The space of ten 
years has seen radical changes in the character of certain dis- 
triets in our larger cities. - 

Having come to this point in our study, the next question 
relates to the probable total population that must be handled, 
either initially or ultimately. This will vary widely with the 
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factors noted above. Depending upon these the population 
density may be anywhere from 40 sq. ft. rentable area per person 
to 200 sq. ft. rentable area per person. 

The next step is to establish the probable rate of traffic flow, 
separately for the arrival period, for the departure period, lunch 
period, inter-floor traffic, and transient traffic. These, too, will 
depend on the locality, class, and working factors above enumera- 
ted. The arrival traffic may be anywhere between 20 per cent of 
the population in 15 minutes and 50 per cent of the population 
in the same time. The arrival traffic may be denser than the 
departure traffic or vice versa, and the departure traffic is more 
difficult to handle because of the absence of starters where it 
originates. Or, again, the combined inter-floor and transient 
traffic may be the determining factor in establishing service 
requirements. The location of toilets, restaurants, clubs, 
locker rooms—all must be considered as elements in the prob- 
lem, and sometimes very important elements. 

Thus, for example, measurements have shown that on the 
average, every woman in an office building visits the toilet, or 
woman’s rest room, once an hour. Since 15 per cent of the 
- population may be women, this means that 15 per cent of the 
population uses the elevators twice an hour, or 7.5 per cent in 
15 minutes. Obviously the location of women’s toilets has 
considerable bearing on our problem. Suppose the combined 
arrival and departure transient traffic is 8 per cent of the popu- 
lation in 15 minutes while the simultaneous business interflow 
traffic is tO per cent of the population influx during 15 minutes. 
The net result including the female traffic is that over 20 per 
cent of the population use the elevators in 15 minutes, and this, 
due to the greater number of stops required, may be a heavier 
demand on the elevators than 33!/3 per cent of the population 
arriving in 15 minutes during the morning arrival period. The 
15 minute interval is frequently used as a convenient standard 
time measure. It is quite arbitary however. 

Next we must know something of the probable distribution 
of the traffic flow during the worst period. What is its peak 
value and for how long does it last? Suppose that the average 
maximum arrival traffic during the 15 minutes is 25 per cent of 
population in this time. That is, during the worst 15 minutes 
25 per cent of the population arrive at the building. During 
five minutes in this 15 minute period, the average rate may be 
25 per cent greater than the 15 minute average, and allowance 
for this must be made unless crowding and delayed service is to 
result. Commonly, variations in traffic flow are observed by 
counting passengers entering the cars every five minutes. Graphs 
of such observations continued all day usually furnish a curious, 
and sometimes amusing commentary on the habits of the tenants. 
‘The character of the traffic frequency distribution will depend 
on the tenancy character factors previously mentioned. 

I have devoted so much time to this sketch of service factors, 
because, after all, they constitute the basic data for our caleu- 
lations. Without such a determination of traffic flow any method 
of determining the physical character of the elevator equipment 
results, as it begins, in a pure guess. 

Questions as to corridor dimensions and arrangements as well 
as the size and types of door ways giving access to the corridors 
have not been mentioned above. As affecting the flow of traffic 
to and from the ears, such matters are of importance and should 
be studied. 

Having covered these preliminary subjects, we are now in a 
position to diseuss briefly the logical sequence of steps in the 
subsequent calculations. 

We have established the probable traffic flow at the cars for 
arrival and departure periods, as well as the inter-floor and trans- 
ient traffic and have selected one of these as determing the max- 
imum service conditions. This selection may not be quite so 
obvious. In which case the computation will be made for the 
arrival traffic and then, as a matter of comparison, for the inter- 
floor and transient traffic. 


Generally the computation will be started by assuming a - 
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desirable interval between cars. This, for the reason that the 
satisfactoriness of the service is determined by the interval or, 
what is the same thing, the maximum time a passenger has to 
wait for a car. On the average the car stands the full interval 
at the ground floor. This will vary with conditions of traffic. 
On the average a car travelling in each direction of motion passes 
each landing every interval. A car leaves the top landing every 
interval. Note that the interval taken is an average—it may 
be longer or shorter. If the interval, as an average, be taken 
too long in the beginning the maximum interval during the worst 
conditions may be out of all reason. Cases are on record where 
bad ear design and restricted openings have inereased the interval 
during a crowded period of inter-floor traffie to 4.5 minutes in a 
16-story building. During the inter-floor period the traffic 
is equal in both directions, passengers both get on and off the 
ears at the same stop, and a crowded car, may and generally will, 
cause a considerable increase in the round trip time, lowering the 
interval. Frequently it is necessary to accept an inter-floor 
interval longer than the arrival interval. 

Waiting for a ear to arrive, or standing in a car that is not in 
motion, is the feature of the service that makes it seem either 
sluggish and slow, or snappy. Under these conditions 30 seconds 
seems 30 minutes to the impatient business man. It is entirely 
a question of passenger psychology, but it indirectly affects the 
rental value of a building. 

In the highest grade office buildings in the New York financial 
district arrival intervals as short as 20 seconds have been used, 
but due to increasing population this is rarely maintained. 
A 24-second interval is considered good service; a 30-second inter- 
val is only fair service; a 40-second interval is slow service. The 
desirable intervals vary in different cities. In Boston, for 
instance, a 30-second interval is quite satisfactory. 

Assuming a given interval as a starting place, from it must be 
deducted the time required to open and close car gates and land- 
ing doors at the ground floor to find the time available for hand- 
ling passengers. For power operated gates and doors this deduc- 
tion may be taken as 3.0 seconds. For hand operated gates and 
doors without car-landing door interlocks the deduction may be 
taken as 5.0 seconds, and with such interlocks 6.0 seeonds or 
7.0 seconds. The remaining time is available for unloadmg and 
loading passengers. 

At the ground floor, where a starter is in charge, passengers 
can unload and load in 1.0 second each. At other floors the time 
per passenger will average 1.25 seconds with wide ear openings, 
uncrowded ears and a reasonably effective means for announeing 
the arrival of the car at the landings. With erowded ears or 
restricted openings the time will increase. It is also increased in 
deep narrow cars. In crowded deep narrow ears the time may 
rise to an average of 2.0 seconds per passenger, and seriously 
affect the service. 

Let us now assume a case. Assume arrival traffic amounting 
to 1000 persons in 15 minutes, and a 5-minute maximum of 416 
persons. Assume a 30-second interval as desirable; hand 
operated gates and doors. Then the maximum number of 
passengers that can be loaded in the remaining 25 seconds is 
about 25. To prevent crowding a 30 passenger car should 
be used. But this is a very large car, and in office build- 
ing service will run lightly loaded most of the day with marked 
unbalance and therefore at high average power consumption. 
Our traffie studies for this building show that the average load 
for the day will be 4 passengers, which, with the operator added, 
is a load of 750 pounds, and should be as nearly equal to the dif- 
ference in weight between car and counterweight as it is reason- 
ably possible to make it. 

Let us then assume a 20-passenger car and either instruct the 
starter that only in emergency is he to admit more than 16 pas- 
sengers, say during the 5-minute peak, or, cut down the interval 
to 25 seconds, which, as a matter of fact, is the best alternate, for 
then only 20 passengers can enter in the time available. 

It is assumed that during the arrival period no passengers 
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will be unloading since none will be coming down from the upper 
floors. 

Let us then correct the interval to 25 seconds. Then in 5 
minutes 12 cars leave the first or ground floor each carrying 20 
passengers—a total of 240 passengers. But in this time during 
the peak 416 passengers arrive. Obviously the remaining 176 
passengers must be carried in another bank of ears. 

This second bank could haye smaller cars than the first bank, 
but, due to possible shifting of population density in the building, 
it will be wiser to make all cars of the same size. The area of 
the ear platforms should be 42 sq. ft. arranged 7 ft. wide by 6 ft. 
deep. The maximum load rating will be 3150 lb. 

These ears, two wide in a bay, will require a double hoistway, 
about 16 ft., 4 in. wide by 7 ft. 10 in. deep clear inside dimensions. 
Unless service conditions demand that the steel work be designed 
to permit this, generally hoistways of such dimensions can not be 
obtained. This is one of the unfortunate factors in elevator 
engineering. Architects rarely consider the real importance of 
installing cars of the right size, compelling the use of a larger 
number of smaller sized cars at a greater first cost and operating 
expense. In the above case, it may be necessary to use ears 6 ft. 
wide, then a depth greater than 5 ft. 6 in. is wasted. The plat- 
form area is 33 sq. ft., the rated load 2500 lb. The maximum 
passenger capacity is 16 persons. The interval becomes 21 
seconds if delays and waiting at the ground floor are to be avoided. 
There are 14.3 departures in 5 minutes, giving 228.8 passengers 
maximum per bank. The service is almost the same as with the 
larger cars at a longer interval as it should be, but more ears, or 
more expensive elevators of higher speeds and acceleration will 
be required to maintain the shorter interval. Thus the building 
structure itself also effects the situation. Let us, however, 
suppose that the larger ears at a 25-second interval can be used. 
We have now established the size of the cars, their maximum 
duty load and the number of banks. 

To determine the number of cars in each bank we must 
ealeulate the average round-trip time in each bank. This, 
divided by the interval gives the number of cars, required in each 
bank. The calculations are given in extenso to show how and 
where the different variables enter in and affect the result. 

For purposes of calculation the round-trip time may be 
conveniently divided into running time, or the total time the 
ear is in motion, the standing time, or the time the car is at 
rest during its round trip, and lost time, or the time consumed 
in false stops, limit stops, synchronizing, ete. 

The running time is best determined from time-speed data 
for the various types of hoisting engines. The best type to use 
is the one that makes the running time a suitable proportion 
of the round-trip time. This establishes the desirable velocity— 
acceleration characteristic of the equipment. 

The standing time is made up of time consumed in operating 
gates and doors and loading and unloading passengers, at all 
stops above the first floor. To this is to be added the interval, 
-or the time the car is standing at the ground floor. 

Let us start out by taking the first bank. Let the building 
be 20 stories. The proportion of the population to be handled 
by the two banks is as 176/240 = 0.73, assuming equal popu- 
lation on all floors which may not be true. Then the first bank 
will feed 0.73 X 20 = 15.6, callit 16 floors. The hoist is 207.5 ft. 
on the average. The cars will stop at 0.8 of the landings ‘up,’ 
motion and none down motion. Therefore they stop at 0.8 < 
16 = 10.8 landings, and the average ‘‘jump”’ or distance between 
start and stop is 207.5/10.8 = 19.2 ft. 

On the way down the car makes one jump of 207.5 ft. 

On the way up the car starts with full load and ends with no 
load, so its average load is half full load. On the way down it 
is lightly loaded. Therefore, it will travel faster on the way up 
than on the way down when maximum unfavorable unbalance 
exists. These differences may amount to a material item in 
computing round trip time. 
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The standing time is made up as follows: 


Gates and doors, 10.8 stops at 5 sec....... = 54.0 sec. 

Passengers, 20.0 X 1.25 sec.............. = 25.0 see. 

EnGerval is ie ee Sethe oes ee 25.0 see. 
otal eee eee ee SY LOGO 


The time lost is— 


One limit slow down at top.............. = 3.0 sec. 
25 per cent false stops at 2.0 sec. = 0.25 
LOSE Peas BBL Hee At 5.4 see. 
Synchronizing [eS ole Pew ae see 5.0 
Potalte: 2 |. 13.4 


The sum of the standing item and the lost time is 117.4 sec. 
Let us try 8 cars in the bank, then if R be the running time, 
we have 


R= R X 117.4 
25 
or 
R = 82.6 see. 


Assume a car on resistance control running at 600 ft. per min. 
5.0 second acceleration time rated at balanced load. The time- 
speed curves for such a 1:1 roping direct drive hoisting equip- 
ment show that running down light it will accelerate just to 
maximum velocity and at once retard to a stop in 9. 5 seconds, 
and will cover 60 ft. in doing it. The remaining travel at maxi- 
mum velocity is 207.5 — 60 = 147.5 ft. which will be covered in 
14.7 seconds. 

This leaves 82.6 — 14.7 = 67.9 seconds running time up mo- 
tion or 67.9/10.8 = 6.3 (nearly) seconds per jump of 19.2 feet 
with half load in the car. The time-speed data for this equip- 
ment show that the car will do this actually in just under 4 
seconds. So there is a small amount of time to spare. 

If power operation of gates and doors were used, 10.8 K 2 = 
21.6 seconds would be saved. This, added to the spare running 
time of 2.3 X 10.8 = 24.8 seconds is practically two intervals, 
so two cars can be saved in this way, and the bank reduced to 
six cars. Without power operation of gates and doors, one car 
may be saved, making the bank seven cars. Every time an 
interval is saved, a car is saved. Obviously, the method outlined 
is subject to many variations. We might have started the cal- 
culation of the running time by assuming a velocity and speed 
and a type of hoisting engine, instead of assuming a number of 
cars. Then the running time would be calculated from the 
time-speed curves of the equipment assumed, next, the round 
trip time determined, and finally, the required number of cars 
obtained. The method is necessarily cut and try because there 
are inherently more variables than equations in the problem. 
It has the advantage over the method proposed by Mr. Reed 
that the variables are all put in one place where they are recog- 
nized as such, and can be given experimental values until the 
best solution is reached. Empirical formulas and methods are 
largely eliminated. 

In one recent case I completed over 60 separate calculations 
before the best possible answer was found. But the resulting 
saving in first cost between the poorest and the best was in six 
figures, and the annual savings were in five figures. Of course, 
this was a very large installation in five banks of cars. 

There are one or two other points in Mr. Reed’s paper that 
I want to discuss very briefly. 

The height of buildings are decidedly limited by the elevators— 
Mr. Reed says they are not so effected. If cost of space occupied 
by the elevators is considered, as well as building costs, it can 
be shown that in high grade office buildings on costly plots where 
taxes are high, it is not possible to economically elevator build- 
ings above 26 stories in height in the usual manner unless the 
service to the upper floors be curtailed. When zoning laws 
affect the situation the 20th floor becomes the economic limit. 
The only recourse is to much higher velocity than the law now 
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permits and to extreme acceleration. In order to make it eco- 
nomically possible to build a building 36 stories high in New 
York under the zoning law, it was found necessary to use cars 
reaching a velocity of 800 to 900 feet a minute in 3.0 seconds, 
requiring automatic voltage control and push button initiation 
of starts and stops otherwise entirely automatic. The owner 
desired a taller building so as to get more space, but it proved 
entirely uneconomical. 


Unless the entire character of real estate development alters, 
such buildings are the future type, and, in them, elevators must 
attain velocities now unheard of. New types of control and 
operating devices will be necessary, and are, in fact just begin- 
ning to come into use. The additional cost of the elevator 
unit is little if the number required to furnish service can be 
reduced sufficiently. Nor does the increased power consumption 
at these velocities amount to a serious factor, for the saving 
of a few feet of rentable area can easily offset it. In fact, it is 
the overall cost that counts, and the power costs aré but a minute 
fraction of the whole. - Relatively speaking, reduced elevator 
speeds may save a penny here and there, but to offset this they 
reduce the whole rental value of the building, besides requiring 
more cars and consuming more rentable area. As a matter of 
fact, multi-voltage control may save as much as 30 per cent of 
the kilowatt hours required to give the same service with re- 
sistance control, yet this saving may be but a few per cent of 
the total consumption by the building and at a very low rate. 
The main value of such controls is not in saving kilowatt hours, 
but in making it possible to attain rapid acceleration, just as 
the principle value of the auto-leveler in passenger service is 
to make stops possible at high velocities. In general, both of 
these devices are essential for economic elevatoring of buildings 
20 floors high or more. Where the stops are frequent, they may 
be worth while in buildings not so tall. : 


Mr. Reed suggests that a downward revision in car velocity 
is of advantage to the owner due to the lower power consumption 
of the low speed ear. In my opinion this is an entirely fallacious 
argument. The reasons for this opinion may be best set forth 
by a specific case. 


A particular office building in New York has 28 floors. Up 
to and including the sixteenth floor a proper service can be ob- 
tained with cars traveling at 600 ft. per min., attained in 5 
seconds—the maximum conditions giving good operation and 
reasonable freedom from false stops with resistance control and 
car switch operation. With voltage control the same smooth- 
ness of operation and percentage of false stops can be obtained 
at 700 ft. per min. attained in 3.0 sec. The resulting average 
increase in service capacity is figured from the time-speed 
curves at 12 per cent. Therefore, in the total of 17 cars, as 
computed on the 600-ft. 5-sec. basis, 2 cars are saved, resulting 
in a net first cost saving of nearly $20,000. The kilowatt- 
hours are cut 25 per cent amounting to $2400 a year. Two 
operators are saved amounting to $3000 a year. Interest and 
amortization are reduced by $2400 a year. Maintenance is 
reduced by 5 per cent or $500 a year. Grade B rentable 
area amounting to 2500 sq. ft. is saved, which at $3.00 rental 
value is $7500 a year. The total yearly saving is $15,300. 
Of course, all figures are approximately to 10 per cent variation. 


Above the sixteenth floor, a bank of 8 cars rated at 600 
ft. 5.0 see. is required. Changing to rating to 800 feet—3.0 
sec. voltage control, auto-levelers to make stops possible under 
these conditions, and incidentally eliminating all false stops, 
with power operation of doors and gates, push-button car opera- 
tion and grouped landing signals, reduces the bank to 6 cars. 
The saving in first cost is not material but there is a saving of 
1900 sq. ft. Grade A rentable area at $5.00 a sq. ft. or a 
yearly saving of $9500. In addition the kilowatt-hours are 
cut 30 per cent and two operators eliminated. But the prin- 
cipal factor is the saving of rentable area amounting to 5 per 
cent of that total which determines the economic possibility 
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of the building above the 20th floor. 
cases might be cited. 

In all of this I wish to draw your attention ot the necessity of 
determining running time from time-speed curves obtained by 
accurate methods such as by the oscillograph, and to the fact 
that empirical methods of estimating elapsed time between 
start and stop may introduce serious errors in computing the 
round-trip time. The obvious errors in the methods of esti- 
mating time by the scheme of calculation given by Mr. Reed 
must be eliminated. A large amount of data both of running 
time and standing time must be accumulated and reduced to 
frequency tables by which the coefficients may be intelligently 
classified. It will then be found that the average deviation 
from the mean can be reduced to a determinable probable value. 

There is no present reason why velocities as high as 1000 ft. 
per min. should not be used. The only limit is the physiological 
effect on the passenger, not due to acceleration or to retardation, 
but due to rate of change in air pressure. Discomfort due to 
rapid acceleration can be eliminated by voltage speed control 
of the motors. The disagreeable effect so common with resis- 
tance speed control even at velocities as low as 650 ft. per min. 
attained in 5.0 seconds, is entirely due to the rate of change of 
acceleration being a variable. There is no discomfort when 
traveling at a constant velocity of any amount except that due 
to change in air pressure. The discomfort appears only when 
the velocity changes, and then, only if its rate of change be 
irregular, or perhaps if the acceleration or retardation be so 
excessive that the equivalent variation of the gravitational 
field increases the weight of the body to a point approaching 
the elastic limit of the muscles. 

One other matter—the a-c. elevator. This is a matter of 
vital importance to the public utilities companies in our bigger 
cities. At the present time the velocities attainable are limited 
due to the inherent character of the a-c. motor, and not in- 
herently in the control, as Mr. Reed states. It is a high speed 
motor and must drive the drum or sheave of the hoisting engines 
through a mechanical gear. High velocities via a gear of any 
ordinary kind are doubtful, although the writer is responsible 
for one such installation operating satisfactorily and economically 
with a car velocity of 400 ft. per min. I think it could be 
jacked up to 500 ft. per min. The motor used is a double affair— 
a two-speed squirrel cage and a slip ring on one shaft, the two 
stators in one housing. But at the higher velocities, d-c. direct 
drive hoisting engines on proper voltage contro] can be operated 
from an a-c./d-c. motor generator set at less over-all power con- 
sumption than required by the d-c. hoisting engine on resistance 
control—in many cases this saving will be sufficient to pay for 
the added cost of the voltage control, particularly where the 
change to a-c. service brings about a reduction in rates. 

H. P. Reed: Mr. Jones mentions that no solution is given 
of the service problem on freight elevators. The service prob- 
lem on freight elevators is so varied that it requires a special 


Numerous other similar 


solution in each case, depending on the use of the building . 


and the method of handling material. 

Mr. Jones goes into some details on the service problem 
which is felt are not of particular interest to the electrical 
engineer. We must take exception to his maximum population 
density of 40 sq. ft. per person. This means but approximately 
6x 6 feet of space per person, which is felt is almost impossible 
inasmuch as rentable areas is understood to include closets, 
safes, partitions and all lost space outside of corridors. 


Mr. Jones takes exception to the method of calculating the 


~ number of elevators required for an office building and favors 


the introduction of each variable factor, whereas it is felt that 
these factors carried through as one variable will give just as 
good results. 


In the discussion, a criticism was made of a statement that 


height of buildings are not limited by the elevators. In making 
this statement it was not intended to inelude commercially eco- 
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nomical construction of any particular building due to the 
size of the plat or the shape of the building. As far as the 
mechanical and electrical features of the elevator are concerned, 
they can be built for any height of building. 

Mr. Jones’ criticism of the suggested saving due to slower 
speeds was answered by Mr. E. B. Thurston’s dis ussion. 

The discussion mentioned that a 30 per cent power saving 
can be realized by applying multi-voltage control in place of 
rheostatic control. This may be so for the elevator machine 
as a unit, but it is felt that the stand-by losses of the generating 
equipment producing the various voltages will off-set to a large 
extent any possible power saving. 

Mr. Jones mentions the advantage of the auto-leveler in 
passenger service in order to make reasonable stops at high 
velocities. While this may be true in some types of motors 
and control, it is not true of some other types. The use of 
shunt-wound d-e. motors with a wide range in speed control 
by shunt field regulation and a constant time element acceler- 
ation control provides an equipment which will give accurate 
slow speeds and practically constant rate of acceleration, re- 
gardless of load conditions. Therefore, with equipment of 
this nature, accurate stops can be quickly made without the 
aid of the auto leveler. 

According to Mr. Jones the paper mentions that the limitation 
of speed of elevators driven by a-c. motors is due to inherent 
control limitations. We fail to see where this statement appears. 
No such limitation exists as successful installations of passenger 
elevators driven by a-c. motors are now operating 540 ft. per min. 

It is granted at high velocities with an ordinary gear, but as 
stated previously in the paper, it is being proved daily that if 
correctly designed and constructed a geared elevator is giving 
as smooth and satisfactory operation as any gearless type, and 
with greater economy. Moreover, as the multi-speed a-e. 
motor can be successfully applied to the higher elevator car 
speeds, there is no need for the transforming to direct current 
with the resultant stand-by losses. 

H. L. Wallau: In all of our larger cities we have the d-c. 
system of distribution in what is generally known as the down- 
town or business area. This development came about very 
naturally, due to the fact that the Edison System was the first 
developed and the cities that are now the largest cities, were 
the largest then, and had the initial electric systems installed. 
However, there are a great many of the medium sized and smaller 
cities in which the Edison system is not in use, and a-c. current 
only is available, or in certain eases special 500-volt d-c. elevator 
circuits are run. 

Now these smaller cities are gradually getting into the class 
of the larger cities, larger buildings are being erected, so that 
they are becoming metropolitan in character and high-speed 
elevator service is required. It is therefore very gratifying 
to note that an installation is being made in Toledo today in 
which three hydraulic elevators are being replaced by a-c. 
elevators with a speed I understand of 550ft. per min. I have 
been told, although I haven’t personally inspected the elevators, 
that their operation is very satisfactory, quiet, the acceleration 
is smooth and the development begins to have very hopeful 
possibilities. 

Mr. Hellmund: It occurred to me in this discussion that 
there was too much reference made to the speed of the elevator 
when a-c. and d-e. service is compared. It is not so much the 
speed of the elevator that limits the application of the a-c. 
motors as it is the number of stops that are made. The two- 
speed squirrel-cage motor, which is now applied to some extent 
to elevators, will give excellent service if the number of stops 
is not too frequent. As is well-known, all the starting energy 
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and the braking energy, from the high speeds to low speed, is 
dissipated in the motor, and therefore the number of starts and 
stops is of utmost importance with regard to the motor heating. 

In this connection I should like to refer to one point in the 
paper where certain calculations are given about the loading of 
the motor. With a squirrel-cage motor, it is not only a ques- 
tion of what the load is, but it is also very important to consider 
how often it has to start. If one goes too far with the frequency 
of starting, overheating will result even with zero load. For 
this reason, I believe that the two-speed a-c. elevator motor, 
while undoubtedly having a large field of application, cannot -be 
applied to everything. When it comes to frequent starts, 
something else has to be used. 

One possibility for such eases is the two-speed motor with 
wound secondary, which is, however, not a very elegant solu- 
tion of the problem on account of the many slip rings and the 
complicated control. 

Another possibility, previously mentioned, is the Ward- 
Leonard system of control changing from a-c. to d-c. power. 
This certainly has a number of attractive features and, for the 
higher class of elevator with frequent starts, it looks like an 
excellent proposition. 

Reference has also been made to the possibility of obtaining 
adjustable speeds for a-c. motors by means of frequency changers. 
The Westinghouse Electric and Manufacturing Company has 
an installation in operation where frequency changers have 
been applied with good success. Of course, this requires an 
extra piece of rotating apparatus, and if such is used, it is 
perhaps just as well to convert to direct current and have the 
additional advantage of being able to use the direct traction 
arrangement, which is almost impossible with a-c. motors. 

Another point which has been briefly mentioned in the dis- 
cussion is the question of noise. One of the speakers stated 
that a-c. motors can now be built so that they are not so noisy. 
That is somewhat optimistic. In connection with the noise 
problem, we must realize that it is largely a question of natural 
periods and resonance of various parts, and no engineer is 
able to calculate the natural periods of the various parts enter- 
ing into an elevator installation. Motors may be quiet in 
one place or one position, and when they are put into the pent- 
house, they may vibrate on account of the resonance effect of 
the floor. Therefore, we cannot claim that the noise problem 
is fully solved. But there are certain predominant causes for 
noise, which are now more fully understood than in the past, 
and therefore the matter is not altogether hopeless. I think 
we shall be able to equip the large majority of a-c. elevators 
pretty soon so that they can be called practically noiseless or, 
at least, not any noisier than the d-c. installations. 

H. P. Reed: The author hopes that the paper with discus- 
sions will be of value to architects, engineers and to everyone 
connected with the manufacture and use of electric elevators. 
Perhaps more real active engineering problems are occupying 
the attention of the elevator engineers today than at anytime 
in the history of the elevator business. Many of these problems 
are but briefly mentioned in the paper, but are deserving of 
further study. It is hoped that further elevator papers will soon 
be available, particularly on the following subjects. 

(1) High-speed elevator travel using a-c. motors. 

(2) Variable voltage control (Ward-Leonard system.) 

(3) Automatic leveling devices. 

(4) Multi-voltage control. 

_ (5) Door interlocking equipment. 

(6) High-speed push button and dual control. 

(7) Actual comparative test results of power consumption 
for the many types of machines, motors and control. 


The Improvement of the 5t. Lawrence from the 


Viewpoint of Private Capital 
BY HUGH L. COOPER 


Consulting Engineer, New York, N. Y. 


HE subject of the reconstruction of the St. Law- 
T rence River, and the results to be obtained there- 
from, lead us into magnitudes that are very diffi- 

cult of practical visualization. In order that you 
may be properly oriented I would like to refer you 
to the map, Fig. 1. In the course of my remarks 
I will call your attention to a general plan which I have 
worked out for a part of this reconstruction, and 
will give you a general description of my ideas as 
to what should be done with the remainder of the 
river. It is my present belief that the best public 


engineer will ever be accepted for work of this magni- 
tude, and that before any engineer’s plans are adopted, 
they will have to pass successfully through the acid 
scrutiny of a high grade commission of engineers from 
Canada and America, the personnel of which, when 
examined, will show that the Commission is qualified 
to the fullest degree by previous experience, to write 
the verdict. 


DIVISIONS OF THE SUBJECT 
I desire to divide our St. Lawrence subject into the 
following divisions: 


Fig. 1—Power Territory AVAILABLE FOR ST. LAWRENCE PowrER IN CANADA AND THE UNITED STATES 


Transmission line distances will average about 115 per cent of the distances shown by the circles that center at Dam No. 1. 


The territory 


within these circles and within circles that can be drawn using Dam No. 5 as a center can be served without invading any experimental field. 


interest demands that the St. Lawrence River 
should be harnessed by the construction of five dams; 
the first one being located at Cat Island above Mas- 
sena, the second at the foot of the Long Sault, the third 
at the foot of Cedar Rapids, the fourth at Cascades 
Point, and the fifth at Cote St. Paul. 

Before we go further, I wish to tell you very plainly 
that I am not flattering myself that I have solved the 
St. Lawrence problem. Later, very necessary investi- 
gations may show that dams Nos. 1 and 2 should be 
combined. I believe that the judgment of no one 


Address delivered at the Spring Convention of the A. I. E. E., 
Chicago, Ill., April 21, 1922. 


First, private capital personnel and proposal. — 

Second, the attitude of water power people toward 
navigation. 

Third, with reference to the magnitude of the work 
as a physical structure. ‘ 

Fourth, six new great values to the public from a 
reconstructed St. Lawrence River. 

Fifth, how St. Lawrence benefits should be achieved. 


PRIVATE CAPITAL PERSONNEL AND PROPOSAL 


It has occurred to me that I should clear up the 
minds of this audience as to the honesty of a small 
amount of propaganda that still remains with us about 
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the so-called water power trust. I assume that in the 
public mind, a proper definition of a trust would be 
an organization which could, because of its holdings 
either of rights, or property, or both, rob or hurt the 
people without hindrance of law. As I read a few of 
our newspapers, this definition seems to fit the case. 
The studies which I have been carrying out on the 
St. Lawrence for about three years have cost the interests 
that supplied the money, something over $250,000 for 
engineering research, and $500,000 more is ready to 
complete our investigations, as soon as governmental 
permits are granted. This money has been furnished 
by interests who own the Frontier Corporation of the 
State of New York. It is opportune to state here very 
plainly that the Frontier Corporation has never been 
engaged in any propaganda in the past, and will 
refrain from such methods in the future. We have not 
asked for, nor will we be seeking the support of any 
particular section of the press. When the St. Law- 
rence question is fully understood it will be regarded 
as a national problem in which the points of the compass 
must be omitted. As we are asked for our views by 
the press, by government officials, and by the general 
public, we will gladly give them the facts, and stop 
there. Our well defined expectations of success are 
based entirely upon the good sense and intelligence of 
our people to decide what is in the best public interest. 

The members of the Corporation at this time are, 
the Du Pont Company, the General Electric Company, 
and the Aluminum Company of America. They have 
been brought together because of the belief that no 
lesser syndicate of successful men of industry could 
cope with the problem from a private capital stand- 
point. The carrying out of a project of the magni- 
tudes here under consideration, will call for the very 
best intellects that America can produce, and the 
American people have a right to demand that when the 
St. Lawrence work is finished, by whomsoever it is 
constructed, the work shall represent a magnificent 
monument to American ability. Such a monument 
can never be expected to result from government owner- 
ship, or from the leadership, however earnest and honest, 
of merchants, railway men, lawyers, doctors, newspaper 
men, or others; it can be expected to come about only 
by the combined efforts of organizations which are 
familiar with the work to be undertaken, and whose 
records with great enterprises are successful. 

The Aluminum Company of America, as you may 
know, has spent several millions of dollars in the pur- 
chase of lands along the Long Sault stretch of the River 
between its Massena intake and Cornwall. When 
the purchases of these lands were made, it was hoped 
at some future time to develop water power on this 
property for use in metallurgical chemistry. Over two 
years ago the Aluminum Company came to the definite 
conclusion that this great water power in the St. Law- 
rence was of far more value to the public if used for 
general distribution to little and big consumers, than 
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it was of value to the same public through the con- 
sumption of aluminum, and some time after reaching 
this decision, the Aluminum Company passed the 
control of all its holdings to the Frontier Corporation. 


At the time the Frontier Corporation was formed, 
over a year ago, and for some years before that time, 
all of our syndicate members were fully aware of, and 
in complete accord with the provisions of Federal and 
State Laws that require, individually and collectively, 
the most thorough supervision at the hands of public 
service commissions, state water power commissions, 
and the Federal Water Power Commission, of all of 
the energy that could be created from the St. Lawrence 
or any of our other navigable streams. Under the 
operation of these laws which I have just mentioned, 
the rates to be charged to consumers, the character of 
the service, the territory to be served, and the issuance 
of securities, are all in the hands of public service 
commissions, the servants of the consumers themselves. 


The members of the syndicate have entered upon 
this endeavor with the full knowledge of all of the 
restrictions that I have just mentioned, and with which 
you are all so familiar, and to call such an association 
of men a “‘trust”’ or a “‘power ring”’ is plain dishonesty. 
No good person seeking the truth can ever accuse the 
Frontier Corporation, and the men behind it, of having 
anything but the highest aims in this whole matter. 
It is further proper to say at this time that the quan- 
tity of money required for the first unit of installation 
will be so great that the interests behind the Frontier 
Corporation, strong as they are, can never be anything 
but leaders and holders of a small minority of the total 
securities that will necessarily be sold. The majority 
of the securities will have to be taken by the public 
at large. This investing public will never subscribe 
to these securities if their attractiveness is clouded by 
propaganda of abuse and misrepresentation in any 
considerable amount. Beforethe Frontier Corporation, 
or any other corporation, can finance units of devel.p- 
ment on the St. Lawrence, it must prove to govern- 
mental authority, and its prospective investors, that 
its financial and engineering plans, after full official 
inquiry, have been found not only the best that can be 
devised in the public interest, but superior to all other 
plans considered. 

The members of our syndicate have an abiding 
confidence in the ultimate fairness of American and 
Canadian people, and believe they will eventually 
accord us the approval we must have. We realize 
that much patience will be required on both sides, and 
we believe when the cards are all on the table, where 
they should be, neither the people nor we will have 
much to complain of. 


ATTITUDE OF WATER POWER TOWARD NAVIGATION 


Over the St. Lawrence River there is now trans- 
ported annually about 4,000,000 tons of freight, a few 
passenger steamers, and there is developed at present 
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from the St. Lawrence less than 200,000 horse power. 
For some time in the past, our friends of the opposition, 
in different places, have been trying to create a false 
impression regarding the attitude of the water power 
people toward navigation. This attempt was wrong 
because it was based upon falsehood. The opposition 
should have given us credit for more intelligence than 
to suppose that any group of men would, for a moment, 
consieer the mutilation of, or encroachment, in the 
slightest degree, on the great transportation facilities 
the Great Lakes and the St. Lawrence can offer to 
more than 40,000,000 existing people, to say nothing 
of the vast increase in this population future time will 
record. That navigation is paramount to power, 
every one concedes, and I know of no one who has 
ever disputed this view, whose opinion is worth no- 
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You are, of course, aware of the fact that the Inter- 
national Joint Commission, created by the Act of 
Congress, January 11, 1909, has recently made a re- 
port to the Governments of the United States and 
Canada, on the subject of the reconstruction of the 
St. Lawrence River, based upon the recommendations 
of their respective government engineers. Open 
criticisms were called for by the International Joint 
Commission of the Government Engineers’ report, 
and I have filed with the International Joint Commis- 
sion comments on the Government Engineers’ report. 
I have found myself unable to agree in any sense with 
the recommendations of the Government Engineers, 
and believe the adoption of their plans would consti- 
tute a most extraordinary mutilation of a great inter- 
national engineering possibility. This sweeping opinion 
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ticing. The laws under which we are hoping to operate, 
specifically make navigation paramount to power, and 
require that all of the water levels in the pools shall 
be regulated in the interest of navigation, by govern- 
ment. 

We have always known, advocated, and maintained 
that by the right of the people, by existing law, by 
common sense, and by every other avenue of good 
reasoning, power is secondary and incidental to navi- 
gation, now and always will be. 

PHYSICAL MAGNITUDE OF THE PROPOSED PLANS 

The stretch of the St. Lawrence River under con- 
sideration is 120 miles long from Ogdensburg on Lake 
Ontario, to Montreal, and drops, in this stretch, about 
220 feet—approximately 200 feet of which is available 
for power purposes. 


Profile recommended by Hugh L. Cooper subject to such changes as final surveys require. 
Profile recommended to the International Joint Commission for adoption by the Wooten-Bowden engineering report. 


is fully shared by every hydraulic engineer of experi- 
ence I have consulted, and I have consulted several 
ofthem. Ido fully agree, however, with the reeommen- 
dations of the International Joint Commission to the 
effect that because the problem before the Commission 
was of such great magnitude, the whole subject should 
be referred to a new enlarged commission of engineers 
whose previous experience in work of this character 
would be acknowledged everywhere as of the highest 
acceptability. 

I shall not take your time in an extended review of 
my differences with the Government Engineers’ report, 
but will instead give you a very brief outline of what 
they have proposed, and what I have proposed, and 
will refer you to the comparative profiles shown in Fig. 2. 
The Government Engineers propose the installation of 
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three dams in the St. Lawrence, nine locks, thirty-one 
miles of canals, and the installation of 4,545,000 horse 
power capacity, at a grand total cost of $506,000,000, 
without any interest during construction, or during 
the loading period for the power, and all of this for 
power houses that would, if operated to capacity, 
automatically shut down in times of ice attack. In 
my opinion, this $506,000,000 cost estimate is not 
only valueless because it excludes interest, which has 
to be paid as well as principal, but it is otherwise value- 
less because the estimate is on structures that sadly 
fail to produce the best efficiency either in navigation or 
power. My plans call for the installation of five dams 
in the St. Lawrence, six locks, six miles of canals, and 
5,400,000 horse power capacity, at a total cost including 
all charges, from one billion, two hundred and fifty 
million, to one billion, four hundred million dollars, 
depending on results of final surveys. 

I will now direct your attention to the Figs. 3 to 19 
inclusive, which will illustrate better than words, the 
general power situation, as I see it. 

Because of the greater ratio of pools to narrow canals, 
my navigation plans provide for 25 per cent. greater 
speed, and much greater safety through the St. Law- 
rence than the Government Engineers’ plans provide 
for. They have thirty-one miles of canals, and nine 
* locks, where I have six miles of canals, and six locks. 
In all other navigation requirements, my plans are 
either equal or superior to the Government plans. In 
addition to producing far better navigation facilities 
than those proposed by the Government Engineers, my 
plans produce 855,000 more horse power capacity for 
general use, 550,000 horse power of which is in the 
international stretchoftheriver. The publicin Canada 
and the United States will never consent to throwing 
away navigation facilities and power in the way the 
Government Engineers have recommended. Some 
day our St. Lawrence Tidewater Association friends 
will see and admit the inferiority of the Government 
engineering plans with respect to both navigation and 
power, and the superiority of our plans with reference 
to the same subjects. 


Six NEw GREAT VALUES TO THE PUBLIC FROM A 
RECONSTRUCTED ST. LAWRENCE RIVER 


The first value to the public from a new St. Law- 
rence, if Mr. Hoover, Mr. Barnes, and many other 
high authorities on this subject are correct, will be the 
creation of a permanent link in a navigation system 
capable of handling 200,000,000 tons of freight per 
navigation season. As soon as the Great Lakes dis- 
trict is completed to the same capacity as the St. 
Lawrence, there will thus be created the greatest inland 
navigation facility in the world, producing permanent 
distinct advantages to producers and consumers alike. 

Second, the saving of coal and labor. As to the 
value of 5,400,000 horse power that can be commercially 
developed from the St. Lawrence River on a load factor 
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varying from 70 per cent in the winter to 80 per cent 
in the summer, 1,200,000 of this horse power would 
belong to the United States by treaty right, and 4,200,- 
000 to Canada by the same right. Inasmuch as Canada 
already has a superabundance of hydroelectric power 
in the vicinity of the St. Lawrence to supply her needs 
for decades to come, it is probable that at least a part 
of this power can be used in the United States until 
the Canadian markets require it. 

The statistics of the United States Government 
show that 5,400,000 horse power will save more than 
54,000,000 tons of coal per annum. It is difficult to 
visualize numerals of this magnitude. Using fifty-ton 
coal cars as a basis, 54,000,000 tons of coal would make a 
railway train 9000 miles long, a distance greater than 
the diameter of the earth, and over three times the 
distance between New York and San Francisco. At 
the ordinary rate of coal transportation, 54,000,000 
tons of coal would make 1,080,000 carloads, 36,000 
engine hauls of 150 miles each, and require the use of 
5000 railway men, to say nothing of the labor of 70,000 
men used to mine the coal, and 80,000 other employees 
who would automatically be released for other uses. 

Third, the saving to railroad property of the United 
States and Canada. A careful study of reliable statis- 
tics shows that every new hydroelectric horse power 
installed automatically releases something over $100 
worth of coal. carrying railway property for other 
general uses. The substitution of 5,400,000 hydro- 
electric horse power for coal generated power will 
relieve for other more useful purposes, $540,000,000 
of existing railway property in the United States and 
Canada, and thus relieve the investment field of the 
need of furnishing this great sum for new railway 
construction and equipment. 

Every well-informed person knows that for many 
years in the past, the railways in the United States have 
been handicapped in carrying out needed extensions 
of all kinds because of lack of funds, and that when 
our business revives, as we all hope it will some day, 
the railroads will be behind in capacity to handle freight. 
Any proposal that will relieve the demand upon rail- 
roads (and we of course furnish most of the coal Canada 
uses) is, as a matter of fact, a blessing to our railroad 
systems as a physical machine, and therefore, a blessing 
to the people themselves who in the last analysis really 
own the railroads. Some people seem to think that the 
president and board of directors own the. railroads. 
The stockholders own the railroads. When the late 
James J. Hill died, he owned only 3 per cent of the 
stock of the Great Northern Railroad, if the news- 
papers can be believed. 

Fourth, the saving in power bills. The construction, 
and putting to work of 5,400,000 hydroelectric horse 
power will save power consumers in the United States 
and Canada at the rate of $35 per horse power per 
annum, or $189,000,000 per annum, figuring pre-war 
coal costs which, of course, we all know will never 
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again be available. . This great annual saving in power 
cost will be a tremendous aid to industry in both 
countries, that can not be secured in any other possible 


way. 

Fifth, the impetus to new industries by the placing 
of St. Lawrence power in Hastern Ontario and Western 
Quebec, New England, and New York, and also along 
the 354-mile length of the Erie Canal, will create 
demands for labor and material of great benefit to the 
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position of cheap navigation and cheap power will 
produce industrial prosperity on both sides of the line 
which will never be forced to respect, for any great 
length of time, any international boundary. This 
prosperity will flow everywhere by the laws of good 
sense and good economics, as the people are educated 
up to where they can see the permanent value of genu- 
ine reciprocity. 

The foregoing six great values are in reality econo- 
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Bre.) 
Figs. 3, 4, 5 and 6 show average ice conditions in the St. Lawrence that 


navigation and power structures must successfully control. At times more 
than 675,000 tons of ice per hour will have to be automatically controlled 
if navigation structures are to continue safe and if power plants are to 
operate to capacity. The history of eleven power plants at Niagara Falls 
and on the St. Lawrence, covering approximately fifteen years, shows that 
in attempting to handle but a small portion of the total ice moving, all 


public on both sides of the international boundary line. 

Sixth, the reconstructed St. Lawrence plus the 
Niagara power potentialities present and future, will 
give to the territory extending from Detroit and Wind- 
sor on the west, to Quebec and Bangor, Maine, on the 
east, a continuous power zone in which more than 
8,400,000 hydroelectric horse power will be available 
for industry at practically the same average price 
on both sides of the line. History does not record a 
single case in which one of the two bordering countries 
is continuously prosperous at the expense of the other. 
The best prosperity is founded always on a full con- 
sideration of the “‘live and let live’ policy. The juxta- 


but one of these eleven plants, that of the Toronto Power Company, have 
suffered annually severe ice interruptions to a degree that would seriously 
interfere with satisfactory long-distance transmission. If power from the 
St. Lawrence is to be made available for the territory under consideration, 
the ice problem must be absolutely solved by using the engineering prin- 
ciples that have stood the test at the Toronto Power Company's plant 
on the Canadian side at Niagara Falls. 


mies with a vengeance, and we should use them before 
vengeance is upon us for their non-use at a time when 
economic conditions not only existing, but for decades 
to come, require our use of every possible economy, if 
our industries are to survive European and Asiatic 
competition. 

All of these six new great values (and more could be 
enumerated if time permitted) can be supplied to our 
people on both sides of the international boundary 
line without hurting any public or private investment 
or good purpose, and what is more phenomenal still 
in the accomplishment of these great results, navigation 
will not be called upon to sacrifice a fraction of an inch 
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of navigation depth to water power, and water power 
will not have to yield a fraction of a horse power to 
navigation. Surely any set of men who are seriously 
proposing this great work, and who, with all of the 
resources of leadership, men, and money at their com- 
mand, will assume all the risks involved, and will 
bring about such a consummation in the public interest, 
deserve and will receive the full support of all of our 
good people. 


How St. LAWRENCE BENEFITS SHOULD BE ACHIEVED 


The question is, how shall this need be supplied, 
and we are led at once into the age-old controversy of 
public versus private ownership. The advocates of 
both of these views are undoubtedly sincere. Twenty 
years ago before public service commissions had demon- 
strated their usefulness, too many corporations were 
guilty of the “public be damned”’ policy, and the public 
service commissions were, therefore, the normal result. 
Thanks to the good work accomplished by these public 
service commissions the controversy as between public 
‘and private ownership is, in my judgment, rapidly 
coming to a close. The war in a great way demon- 
strated to us the evils of government management in 
large affairs. Most of the intelligent people of the 
United States are now convinced that well regulated 
private corporations are the best for everybody, as 
opposed to the inevitable inefficiency that has always 
been found in government management of business. 
The history of the Hydro-Electric Commission of On- 
tario, as it is today being sadly written, is final and 
convincing proof of the inability of governments to 
successfully handle great public utilities. 

In view of its influence on the whole St. Lawrence 
situation, I desire to call your attention very briefly 
to the unusual conditions which have developed in 
power production at Niagara Falls on the American 
side. You are aware that in the early nineties when 
Niagara power first began to take shape, progress in 
the art of turbine and generator design, together with 
the scarcity of a reachable market, compelled the use 
of only a fraction of the total head in the Niagara 
River. Plants using from 40 to 60 per cent of the total 
available head were accordingly installed. These 
fractional heads resulted in the proportionate inefficient 
use of the water, but it was a case then of inefficiency 
ornothing. The public everywhere properly acclaimed 
the courage of these early pioneers in going forth 
with these new enterprises at a time when so little 
was known as to what the ultimate destination would 
be. Hydroelectric engineering all over the world is 
greatly indebted to the early installations on both sides 
of the line at Niagara Falls for the experience thus 
made available in aid of the succeeding advances in 
hydroelectric engineering. Now, because of great 
increases in the demand for power, governmental 
authorities on both sides are requiring that the old 
diversions at fractional heads should be abandoned, 
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and the water used at maximum efficiency. This 
requirement has called for the absorption by the new 
efficient plants of the great sums originally invested in 
the partial head plants. This union of costswillresultin 
making the present and future cost of generation at the 
busbars on the American side, between $17 and $19 
per horse power, according to the quantity and charac- 
ter of service rendered. On the Canadian side, when 
the Canadian power plants are compelled to abandon 
their existing fractional head plants, as they must 
eventually do in their own interest, their busbar costs 
will be in excess of $20 per horse power, when all of the 
charges are in. Any proposals to develop power from 
the St. Lawrence must take into consideration power 
prices at Niagara Falls, as to be financed by private 
capital they must be able to show that St. Lawrence 
energy compares favorably with Niagara Falls costs, 
failing in which the project would not attract invest- 
ment. 

The power costs just mentioned bring us now to the 
all-important question of what percentage of the total 
cost of the reconstruction of the St. Lawrence River 
should be charged to power, and what percentage 
should be charged to navigation. My figures show that 
according to present day costs of material and labor, 
and overflowed lands, this ratio should be approximately 
75 per cent charged to power, and 25 per cent charged 
to navigation. If more than 75 per cent is charged 
to power, the resulting costs will not enable us to com- 
pete with Niagara Falls, and thus finance the project. 
If less than 75 per cent is charged to power, the load 
on navigation would be more than the traffic can sen- 
sibly bear. If the 75-25 ratio is accomplished, it is 
my opinion that the final cost for energy at generating 
station busbars will be approximately $17 per horse 
power exclusive of federal and state taxes. This price 
of $17 will be guaranteed to the public in advance, and 
thus save the public from the punishment experienced 
in the past through overruns in construction costs. 

At a juncture when America is in sore need of every 
economy human ingenuity can devise, is it not most 
remarkable that we find ourselves, because of many 
changes in an art not yet forty years old, brought face 
to face with these unexpected possibilities from the 
St. Lawrence River? 

It is indeed notable that in a stretch of the St. 
Lawrence River, the average total drop of which is 
only a -foot and seven-tenths to the mile, 5,400,000 
horse power can be built which can compete on a par 
with the greatest water power on the American con- 
tinent, if not in the world. 

We have heard much in recent years about the sav- 
ings which can be secured to the public by installing 
great superpower systems, at costs running into the 
hundreds of millions. These proposals read fairly 
well, and are attractive to the imagination, and will, 
I believe, some day be carried out but the raising of these 
hundreds of millions will be found extraordinarily 
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Figs. 7, 8, 9 and 10 tell their own story. The Toronto Power Company 
plant is successful and the Canadian Niagara power plant is unsuccessful 
in handling ice because the Toronto Power Company plant takes its power 
waters at an angle of 90 degrees with the outside waters that carry the ice, 
and the attending fact that the average velocities toward the turbines are 
always less than the velocities carrying the ice. Ice always follows the 
higher velocity and can not be diverted from the tendency by booms set 
an appreciaktle angle from the natural general outsideice direction. Fig- 
10 shows the parallel positions of the submerged arches with respect to the 
ice laden outside waters in the Toronto Power Company plant (called 
Electrical Development Company on this drawing), and shows the sub- 
merged arches of the Canadian Niagara Power Company and their angular- 
ity with respect to the ice laden outside water. When the ice is called 
upon to hit such a submerged boom, as is the case with the Canadian Power 
Company intake, a sufficient amount of ice passes under the boom to cause 
the showing in Fig. 7. 
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difficult.,",The superpower plans will need every big 
talking point which can honestly be brought to bear 
upon the subject, and it is my opinion that no great 
aggregation of money can be secured for steam instal- 
lations and busbar trunk lines in these new superpower 
zones until the greater part of the available water power 
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I should like now,;to give you some very distinct 
reasons why, in;my, opinion, the St. Lawrence River 
must eventually be:reconstructed by private. capital. 
My first reason is that governments cannot and private 
capital can purchase. and direct the engineering and con- 
struction ability which will be required to reconstruct 
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is developed and available as the vertebrae for the 
superpower zones. Engineers and financiers are not 
going to assume the responsibilities incident to hun- 
dreds of millions in trunk transmission lines and great 
central stations until the water power competition and 
capacities are known and ready to become properly 
the foundation for the big project. 


Figs. 11 and 12 show the manner of handling 675,000 tons of ice per hour 
recommended by the Wooten-Bowden report. The reasons why this 
recommended plan would fail are set forth on these drawings. In times of 
ice movement over 60 per cent of the 1,768,000 horse power would have to 
be shut down until the ice movement wascompleted. Thisshut-down would 
vary from one day to fifteen days which would be fatal for general power 
distribution, but would not of course be so serious if the current were used 
locally for chemistry. 


the St. Lawrence. The engineering and construction 
ability required for the St. Lawrence work is far greater 
than that required for any previous construction in 
the history of engineering. Cofferdams of. unprece- 
dented size must be constructed on river beds when 
more than 200,000 cu. ft. per sec. are flowing, and this 
quantity of water alone is about five times the maxi- 
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mum previously achieved. In all previous construc- 
tion it has been possible to install cofferdams during 
low periods of flow, but no such low periods exist in 
the St. Lawrence. As you have seen, ice conditions of 
extraordinary severity must be overcome through at 
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in New York are comparable. Speaking of engi- 
neering difficulties, it is my opinion, and the opinion 
of many engineers of my acquaintance, that the greatest 
engineering work ever accomplished, from the view- 
point of difficulties overcome, was the work of con- 
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This shows provisions in the Wooten-Bowden recommendations that are more objectionable even than those shown for the Long Sault plant, 
Fig. 11. The capacity here proposed for interruption (by even a greater, percentage than the 60 per cent at the Long Sault) is 1,920,000 h. p. 


least four winter seasons for each unit of development. 
The loss of interest during construction and loading 
periods will call for unusual progress during the eight 
or nine months of construction weather. While the 
Panama Canal cost around $300,000,000 (about twice 
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Only a small percentage of this plant (not exceeding 15 per cent) could 
be operated when Lake Ontario and the St. Lawrence River ice is moving 
out, 


the official original estimate), this great cost was 
represented by work which was extraordinarily easy 
of construction; it was merely a matter of quantity. 
On the St. Lawrence we have engineering difficulties to 
which only the tubes under the East and North Rivers 


structing the Pennsylvania Railroad tubes into Man- 
hattan Island and Long Island, and yet I prophesy 
that when the history of the construction of the St. 
Lawrence work is written, the consensus of all engineer- 
ing opinion will be that the St. Lawrence situation 
presented far more difficult problems than were en- 
countered in the Pennsylvania tubes which I have just 
mentioned, but would anybody have the temerity to 
suggest that any government on earth could have 
carried out the tube construction as it was carried out 
by the late Alfred Noble and his assistants? 

The next reason why no government could ever carry 
out successfully the St. Lawrence work, is the fact 
that no human direction of day labor has ever been 
able to cope with governmental red tape, and make 
government employees really work. It may be claimed 
by government ownership advocates that the govern- 
ment could contract the St. Lawrence work to regular 
contractors. My answer to this suggestion is that 
there are no contractors whose experience would justify 
their undertaking work of this character and magni- 
tude. The history of the Panama Canal proves this 
claim, where everyone knows that the contractors 
fell down. The Panama Canal was carried out by 
able American engineers from private walks of life, 
under the able management of General Goethals; 
but because the difficulties on the St. Lawrence are 
so much greater than at Panama, the Panama method 
of construction would fail on the St. Lawrence. _ 
~ Another great reason why the power side of the St. 
Lawrence could not be handled by government agencies ° 
lies in the fact that coincident with the construction 
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of the generating stations on the St. Lawrence, there 
must be constructed vast distributing systems, by 
private capital, for the use of the energy when it is 
ready for delivery. The private capital for these 
distributing systems will not, in my judgment, be found 
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and of the urgency of our need of these resources. 
The St. Lawrence River and its Great Lakes basin have 
been under active official study and survey for over 
one hundred years, with the result that no other region 
of our Continent is so fully covered by general engineer- 


This view is a true perspective from the Canadian shore made from a complete set of borings in the bed of the river, from a complete set of 
mechanical drawings and from a complete set of topographical maps costing. altogether in excess of $200,000. 


willing to undertake the financing of distributing 
systems that are to receive their current at some un- 
known time when government agencies could complete 
the work, if they could complete it at all. If the St. 
Lawrence power development is made by private capital 
it will be entirely practical and feasible for distributing 
companies to make private contracts with generating 
stations, which contracts, being approved by the public 
service commissions, and enforcible by law, will there- 
fore be proper foundation for distributing system finan- 
cing. If governments should undertake the construc- 
tion of the power work in the St. Lawrence, the only 
way distributing companies could operate would be 
to wait some indefinite time until the power plants were 
completed, and such a wait would entail, of course, 
vast losses of interest. 

As to building the locks, this work will have to be 
in the hands of private management, because the very 
nature of the work would prohibit the use of two 
organizations trying to manipulate heavy construction 
at the same time and place. While the locks and their 
appurtenant works will have to be paid for and operated 
by the governments, their construction by the organi- 
zation which builds the power works can be arranged 
for on terms advantageous to the governments. 


I have briefly enumerated a few of the major benefits 
that will result from a reconstruction of the St. Law- 
rence River. We are all in accord as to the value to 
the public of this greatest of our undeveloped resources, 


ing reports. Of course we could go on discussing and 
reporting on this subject for another hundred years. 
What we need now is to begin physical work as soon as 


Close-up perspective drawing showing two of the eighteen feet deep 
control gates, their gate-house superstructure and its connection to the 
downstream end of either the Canadian or the American power house, 


the best plans can be adopted. The outstanding need 
in American industry today is relief from present 
excessive federal taxation. Until this relief is felt the 
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; Fig. 17—Dam No. 1 at Cat Isuanp 
No diversion of approaching ice from its natural direction for two miles 


above the control dam is required. It is disposed of through the main 
dam without the diversions previous experience shows conclusively must 
beavoided. Theaverage velocity toward the dam is 33 1/3 per cent more 
than the velocity of the power waters to the wheels. This arrangement, as 
will be readily seen, calls for a great increase in the cost of the work because 
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_ It will be observed that this work is standard except for the depth to 
foundations which is about 65 feet. 


of a heavy increase in all cubitures of masonry, cofferdams and excava- 
tions. The project must stand these extra costs necessary for 100 per cent 
reliability or remain unconstructed. The incomplete but fairly satis- 
factory data in hand show that the general arrangement recommended by 
the Cooper plans for the Cat Island development can be installed with but 
little modification at Dams 2, 3, 4 and 5. 


cost of living will be high, and labor and capital both 
must suffer. To hope that the Federal Treasury at 
Washington can supply for many years to come, the 
hundreds of millions needed for this enterprise as a 
governmental measure, even if its feasibility as such 
were unquestioned, is hoping for the unreasonable 
and impossible, and what of Canada and her half of 
the costs as a governmental measure? Canada has 
9,000,000 splendid people who are today struggling 
with a per capita debt nearly twice our per capita 
debt, incurred through her wonderful loyalty to the 
mother country. Her casualties were 800 per cent per 
capita greater than ours. Canada is today struggling 
with an annual deficit of more than $60,000,000 in 
government owned and operated railroads. She must 
bear the burdens incident to an oversupply of hydro- 


electric power in Ontario, the cost of which is unneces-’ 


sarily high by many millions and she has many other 
problems of a financial and social character, all of 
which she will solve in due time with great credit to 
herself. Because of all of the foregoing every sane, 
thoughtful Canadian knows that Canada cannot take 


on her share of the cost of the new St. Lawrence as a 


governmental venture for decades to come. 
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No, the government ownership program is not the 
way forward. The way forward is through encouraging 
private capital, properly regulated, to take up the 
rebuilding of the St. Lawrence along the lines the 
Federal Congress and the State of New York have laid 
out for private capital after more than ten years of 
continuous study of the navigation and power questions 
as applied to our navigable streams. I am of the 
opinion that the Federal and State Water Power laws 
provide the safest and most expeditious plan of pro- 
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struction when licenses are issued, then we will safely and 
speedily bid good-by to the “talk” zone, and go hope- 


* fully and confidently forward into the “work” zone of 


this great endeavor. No other plan, it seems to me, will 
ever get us anywhere for years and years to come, 
and if the plan I have recommended is safe and sane, 
why don’t we get together, and pull together, and 
always pull in the same direction? 

In conclusion I desire to thank you heartily for the 
close attention you have given this very brief address 
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Note that the large cakes of field ice approaching these ice breakers will 
be forced to ride up the sloping noses of the ice breakers in the usual way 
and thus be broken into fragments for passage through the open channels 
18 feet deep immediately below the breakers, and then safely over the 
spillway to the pool below, from which pool the ice will be cleared by repeti- 


cedure for the achievement of the new St. Lawrence. 
In these laws, the public interest is most fully pro- 
tected. They give private initiative the fullest com- 
petitive opportunity, and thus provide maximum 
efficiency. If the Commissions, Federal and State, 
will issue the necessary St. Lawrence permits, and if 
Canada does her part, as I am sure she will, and finally 
and most important, if Canada and the United States 
will provide at once a high-grade permanent commission 
of engineers to approve the plans that are agreed upon 
under the operation of the permits, and to supervise con- 


tions of the same process until all structures are safe. The plans here 
recommended will enable such a control of the St. Lawrence ice through the 
use of stored water from Lake Ontario as will also guarantee the City of 
Montreal complete immunity from the frequent ice troubles that have 
occurred in the past. 


on what I know you will agree is a subject that will be 
in the minds of all of us for many years tocome. I 
will have no pride of opinion on this subject as and 
when better views are advanced. The St. Lawrence 
enterprise is too important in its wide influence upon 
millions of our people to allow any mistake to be made. 
Its early consummation requires only the elimination 
of asmall amount of public and private misinform- 
ation regarding it, and I predict this elimination 
will be accomplished much sooner than most people 
think. 


The St. Lawrence Project 
BY H. I. HARRIMAN 


of Chase & Harriman, Inc., Boston, Mass. 


HE great channels of trade in North America run 
At east and west. The great river systems of the 
continent run north and south. There is, however, 
one striking exception to this general rule, where the 
course of the Great Lakes and the St. Lawrence breaks 
through the Appalachian Range, and forms a contin- 
uous waterway, 2000 miles in length, from the center 
of the continent to the Atlantic Ocean. Much of this 
water course is now open to navigation and the Ameri- 
can Great Lakes have within the last twenty years 
witnessed the most remarkable maritime developments 
of any section in the world. The Lakes extend ap- 
proximately 1000 miles from Duluth or Chicago to 
Buffalo through the very heart of America; and with- 
in the last two decades there has grown up on these 
Lakes a traffic whose tonnage exceeds that of the 
Mediterranean and the Black Sea combined; indeed 
the movement of vessels through the locks between 
Lake Superior and Lake Huron is twice the combined 
movement of vessels through the Suez and Panama 
Canals, and more tonnage passes Detroit in nine 
months than clears from New York or Liverpool in a 
year. Along or near these Great Lakes lives approxi- 
mately forty per cent of the population of the United 
States. Not only are the shores of the Lakes thickly 
populated, but the territory contiguous to them is 
rich in agriculture and in mineral products. Wheat, 
grain, livestock, iron, coal and copper are among the 
great inheritance of this rich fertile region of our 
country. This region has also become a great manu- 
facturing center. Flour, foodstuffs, packing products, 
automobiles, rails and other heavy steel products, 
and many other articles of commerce are produced in 
this region; and these articles, as well as the products 
of the soil and the mines, flow eastward over the waters 
of the Great Lakes until the port of Buffalo is reached, 
where they must be transferred to the rails, and move 
the last 500 miles of their journey to the seaboard 
by car rather than by boat. 

Between the eastern end of Lake Erie and sea level 
in the St. Lawrence River, a distance of 400 miles, 
there are two natural obstacles which prevent navi- 
gation: first, the falls of the Niagara River; and 
second, the rapids of the St. Lawrence. There have 
for many years been shallow canals and locks around 
both of these obstacles, but they have accommodated 
vessels of such small size as to be of practically no 
value to commerce. In view of all these facts, it is 
not surprising that the people of the Middle West 
living near the Lakes are asking that these obstacles 
to commerce be removed, and that the ships of the 
Great Lakes be permitted to pass freely around Niagara 
and down the St. Lawrence to the ocean. Already 
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the Canadian Government has undertaken the con- 
struction of an enlarged Welland Canal around Niagara 
Falls at the cost of about $80,000,000. This canal 
will, when completed, accommodate the largest lake 
vessel, having a capacity of approximately 15,000 
dead-weight tons, or 500,000 bushels of grain. The 
locks of the canal will be 800 feet by 80 feet by 30 feet. 
The canal will initially be dredged to a depth of 25 feet, 
but can at any time be deepened to the full 30 feet 
permitted by the locks. Work on the enlarged Welland 
Canal has made considerable progress, and the canal 
should be ready for use during the year 1925. 

The Welland Canal will, however, be of little use 
until the St. Lawrence River is made navigable to 
the sea. Accordingly it is proposed to drown out the 
upper rapids of the St. Lawrence by means of a large 
dam with locks, erected near Cornwall, and to-paral- 
lel the two lower rapids with two canals and their 
locks, the canals aggregating about 33 miles in length. 
By means of these structures a 25-foot navigable 
waterway will be created from Lake Ontario to the ~ 
sea. The locks of this project are to have a depth of 
30 feet over the sills so that by additional dredging in 
the canals a continuous depth of 30 feet can be estab- 
lished. When this project is carried through, the 
largest lake vessels, some of which carry as much as 
14,000. tons dead weight, can proceed to tidewater 
at either Montreal, Quebec or Halifax, where transfers 
of freight can be made to ocean vessels. It will also 
be possible for any ocean vessels drawing not more 
than 25 feet, and ultimately 30 feet, to enter the Great 
Lakes. More than 200,000,000 tons of freight now 
move each year east and west between the territory 
contiguous to the Great Lakes and the Atlantic sea- 
board. Much of this traffic always will be carried 
by the railroads of the country, but when the St. 
Lawrence Project is completed a material portion 
of this hugh volume of traffic will undoubtedly seek 
the water channel. This is conclusively proved by 
the tremendous growth of traffic upon the Great 
Lakes, which now exceeds 100,000,000 tons annually. 

The opponents of the St. Lawrence Project have 
laid much stress upon the fact that the present channels 
and ports of the Great Lakes will accommodate only 
vessels with a draft of twenty feet or less; and that for 
that reason large ocean vessels cannot ply the Great 
Lakes until huge additional expenditures have been 
made upon their channels and harbors. The argument 
seems immaterial. As previously stated, all types of 
lake vessels can proceed to tidewater and there dis- 
charge .their cargoes into ocean-going vessels, and 
there will be but one transfer and no rail haul, instead 
of two transfers and a rail haul as at present. If, how- 
ever, there is a demand for through traffic between 
lake ports and foreign countries, it is entirely feasible 
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to construct ocean-going vessels of 8000-10,000—or 
even 12,000 tons burden of present lake draft. Such 
vessels of 10,000 tons burden are now in use carrying 


ore between Cuban ports and the Chesapeake Bay; 


and if the St. Lawrence Project is carried to completion, 
there is no question that our maritime engineers, who 
have so successfully designed vessels for the lake trade 
can also design a vessel of any desired size to ply between 
lake ports and ocean ports as they now exist. 

The opponents of the Project have also based their 
opposition upon the alleged dangers of narrow and 
tortuous channels, of fogs and ice, and of seven-month 
limitation upon the use of the waterway. The St. 
Lawrence River will be made navigable by the con- 
struction of a large dam at the lower end of the Inter- 
national Section, and by two canals around the two 
sections of rapids that lie entirely within Canada. 
In the entire length of the St. Lawrence there will be 
but nine locks and thirty-three miles of canal navi- 
gation. For the balance of the distance navigation 
will be through a river as wide as the Hudson at New 
York City; and the entire delay incident to canal 
navigation in the St. Lawrence and in the Welland 
Canal will be less than the time required by an ordi- 
nary freighter to travel 200 miles. Fogs exist in the 
lower St. Lawrence; but the hydro-graphic charts of 
the Federal Government indicate that the fog belt 
between Montreal and Liverpool is of less extent than 
between New York and the same port. Fogs and ice 
have not prevented Montreal from becoming the 
second port of export in North America; nor has the 
closure during the winter season stopped navigation 
upon the Great Lakes or prevented the construction 
of the Erie Canal. ; 

For these reasons I believe that with the opening 
of the St. Lawrence to navigation the Middle West 
will have a usable water route to tidewater over 
which freight can be sent at much less expense than 
over all-rail, or water-rail, routes now in existence. 
I further believe that the existence of such a water 
route will affect not only the rates of the grain and 
other freight which actually use it, but the whole rail 
rate structure between the Middle West and the 
Atlantic seaboard. This has certainly been the effect 
of the Panama Canal upon rail rates between Atlantic 
and Pacific ports. 

The extent of the saving arising from water trans- 
portation cannot be definitely prophesied, but reason- 
ably accurate conclusions can be drawn from existing 
rates. At present a bushel of wheat is carried from 
either Chicago or Duluth, 1000 miles to Buffalo, for 
2 cents or less; and on the same mileage basis, with 
due allowance for delays in canals and locks 3 or 34% 
cents would be a fair rate to Montreal. The lowest 
rate at which grain can now be carried from the West 
to tidewater is 2 cents to Buffalo, and 12 cents from 
Buffalo to New York or Boston—a total of 14 cents. 
This shows a saving to tidewater of at least 10 cents 
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per bushel wa the St. Lawrence route; and as 
New York and Montreal are equally distant from 
Liverpool, it would mean an equal saving on the 
through rate. What holds true of grain will also hold 
true of many other western products destined for 
European ports. 

I also believe the St. Lawrence route will favorably 
affect the transportation costs between the Middle 
West and the Atlantic Coast ports. The rail rate 
for the entire country is now approximately 12.1 mills 
per ton-mile. If coal is excluded this average rate 
rises to 15 mills. Water rates on the Great Lakes 
average less than 1 mill per ton-mile; and on the ocean 
vary according to the class of freight from 1 to 3 mills. 
Probably 2 mills per ton-mile is a fair water rate to 
compare with an average rail rate of 15 mills. 

From Chicago to Boston the rail distance is 1034 
miles as against 2682 by water. From Duluth the 
relative distances are 1513 as against 2775; and taking 
into account relative rail and water rates and relative 
distances, it would seem that a ton of freight is now 
hauled by rail from Chicago to Boston for $15.51, 
as against an estimated charge of $5.36 by the water 
route. The corresponding rail rate for Duluth is 
$22.70 as against an estimated cost of $5.55 by water. 

Figures based on averages may not be exact, but 
they do indicate tendencies; and they certainly give 
assurances that freight can be carried from the Middle 
West to Atlantic ports by water much cheaper than 
by rail. 

It is a well recognized economic principle that the 
price of any commodity in universal use is determined 
by the price at which the surplus of that product must 
be sold. The surplus grain of the world is sold in 
Liverpool. To this market is shipped the surplus 
grain from the United States, Canada, Argentine, 
Russia, and Australia; and there in competition the 
world price of grain is established, this price governing 
not only the grain sold in the Liverpool market but 
the grain sold in the producing countries. The price 
in the producing country is therefore the world price 
set in the Liverpool market less the cost of transporta- 
tion between the farm and the English Channel; and 
the American farmer receives each year for his grain 
the Liverpool price less the freight to Liverpool. If 
therefore, it is possible to reduce the freight charge 
by 10 cents per bushel, the farmer will receive 10 cents 
per bushel more for his entire crop. This would mean 
over $350,000,000 per year to the farmers of the 
country. Every other grain producing region of the 
world which has a surplus lies within 250 miles of 
navigation. Our grain region lies from 1000 to 1200 
miles from the coast; and this great handicap upon our 
western farmers is the great reason for their insistence 
to (use the words of the President) that ‘‘the salted 
and unsalted seas be connected by a suitable channel.” 

By act of the American and Canadian Governments, 
a Joint Commission of the two nations has been in- 
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vestigating the feasibility and cost of the project. 
This Commission has recently submitted its report 
to the two Governments, and its findings are that the 
project is feasible, desirable, and reasonable in cost. 
The estimates of cost were made by Government 
engineers of the two nations after an examination 
extending over a year’s period. These engineers 
estimate the cost of the entire project at $252,000,000, 
this estimate including the cost of producing 1,464,000 
horse power of continuous energy. The figures were 
based upon 1920 costs—as an example, concrete is 
estimated at $12.00 per yard. 
belief of the engineers that the figures of cost are 
conservative and that due allowance has been made 
for the inevitable contingencies of a project of this 
size. 

Mr. Hugh Cooper, an eminent hydraulic engineer, 
who has made extensive studies of the St. Lawrence 
River, believes that the plan proposed by the Govern- 
ment engineers is impracticable, that their estimates 
of cost are inadequate, and that their scheme is waste- 
ful of the potential energy of the stream. Cooper 
proposes a different plan which, at a cost of about 
$300,000,000 for the International section, will make 
that section navigable and develop about 2,400,000 
horse power. To this $300,000,000 must be added 
about $100,000,000 for the canals around the lower 
rapids, in order to make the entire river navigable. 
The total cost of his project is therefore approximately 
$400,000,000 as against $252,000,000 for the plan of 
the Government engineers. 

The criticisms of Mr. Cooper should be given most 
careful consideration in the preparation of the final 
plans. In my opinion, however, the vital fact is that 
both the Government engineers and Mr. Cooper agree 
that it is entirely feasible to improve and make navi- 
gable the St. Lawrence River, and to develop as an 
adjunct thereto a huge block of reliable electric energy; 
and while Cooper’s estimates are higher than the 
estimates of the Government engineers, yet the amount 
of power which he will develop is far greater and there 
is really very little difference in the cost of a horse 
power as developed by one or the other plan. 

The value of the power which will be produced on 
the International section will largely offset the annual 
cost of the project. Based upon a cost of $252,000,000 
the interest charges, sinking fund requirements, and 
operating expenses of the project, if carried through 
by the Government, should not exceed $17,000,000 
per annum. If the entire annual cost-of the project 
is charged against the power development (and I do 
not advocate this) it means an annual switchboard 
cost of from $11.00 to $12.00 per horse power. This 
is equivalent to a kilowatt hour cost of from 2 to 4 
mills depending upon the load factor at which the 
energy is taken. To this switchboard charge must be 
added the transmission costs from the St. Lawrence 
River to the great markets of New England and New 
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York; but after making such allowance it is certain 
that, according to either plan, energy can be laid down 
at great central substations in New England and New 
York at well under 10 mills per kilowatt-hour. 

I do not feel that the entire cost of the project should 
be charged against power. The figures cited are how- 
ever based upon the entire charge of the project being 
carried by the power developed; but it may well be 
argued that navigation should pay a portion of the 
cost, thus enabling power to be sold at lower rates 
than above indicated. I, however, wish to point out 
that the market is ample to absorb all of the power 
which can be generated; and that the energy will be 
exceedingly cheap even if power carries all of the 
charges. Within a reasonable time after the St. 
Lawrence is open to navigation, it can be made a self- 
supporting project, and would be well warranted 
merely as a plan for the development of energy. 

The Western proponents of the Great Lakes project 
have assumed that the project would be carried through 
in its entirety by the Governments of the two nations, 
and I have thus far discussed the proposition from that 
standpoint. A statement, has however, recently been 
made by gentlemen connected with large financial 
interests that a group of American financiers are pre- 
pared to construct two dams along the International 
section which would develop nearly 2,000,000 h.p., 
and whose construction would also drown out the 
rapids of the international section of the river and 
by the construction of locks in the two dams (to be 
paid for by the two Governments) make the river 
navigable from Lake Ontario to Lake St. Francis. 

If such an arrangement can be worked out, it should 
be given most careful consideration, as the task left 
to the two governments would be merely the con- 
struction of the lower canals with their locks. Under 
such a plan the government expenditures would 
probably be less than $100,000,000. Furthermore, 
it would remove the governments from any con- 
nection with the development of hydroelectric energy 
and leave that business to private enterprise,—a most 
desirable outcome, if feasible. 

My own feeling is that the two great features of 
the project—continuous navigation from the Great 
Lakes to the sea, and cheap hydroelectric power— 
must both be carried out. No plan must be adopted 
which gives one without the other, or which delays 
one at the expense of the other. With these funda- 
mental facts in view the more that can be done by 
private enterprise and the less by the two Govern- 
ments, the better it is. 

Some opponents of the project claim that it will 
work great injury to the railroads of the country, and 
tend to increase existing freight rates. Such opponents 
fail to take into account the tremendous growth of the 
traffic of the nation. In 1890 the railroad tonnage of 
the country amounted to 79,000,000,000 ton-miles; 
in 1900 it had risen to 141,000,000,000 ton-miles; by 
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1905 it had increased to 187,000,000,000; and in 1921 
exceeded 448,000,000,000 ton-miles. This shows a 
steady increase of approximately 100% in each decade; 
and would indicate a tonnage of 800,000,000,000 ton- 
miles by the time the St. Lawrence project becomes an 
actuality. I remember the frightful congestion of 
traffic in 1918, and am appalled at considering the expen- 
ditures which must be made to handle the inevitable 
traffic of 1930. At present the population tributary 
to the Great Lakes is 40,000,000. Twenty-five years 
from now it may well be 75,000,000; and the require- 
ments of the growing traffic of the country, and of 
its growing population will demand the use of every 
possible avenue of transportation. I therefore feel 
that the development of water transportation from 
the center of the continent to seaboard will be of 
immense advantage to the railroads, greatly reducing 
the investments they must make, and enabling their 
existing rails to be used forlocaland high-class tonnage. 
The following quotations from a recent address of 
Mr. Elisha Lee, Vice-President of the Pennsylvania 
Railroad, are of great interest. He says: 


Traffic on our American railroads measured in ton-miles 
doubles about once in a decade. This rate of increase has been 
maintained for at least two generations with surprising regularity, 
despite the varying cycles of booms, panics and depressions 
through which the country has passed meanwhile. 

The next time our country has a real revival of business we 
shall in all probability be confronted with the most severe 
congestion of railroad traffic, and the greatest inadequacy of 
railroad facilities, ever experienced in our history. When that 
happens rates will be lost sight of. Every one will be clamoring 
for service. Nothing could more quickly check a wave of pros- 
perity than the inability of our railroad facilities to handle the 
traffic which good times will create. 

I am firmly convinced that we face such a condition with 
almost absolute certainty in the not remote future. 


One more objection remains to be considered, namely; 
the sentimental] objection of the investment of American 
money in Canadian territory. In this connection, 
however, it should be remembered that by treaty the 
Great Lakes and the St. Lawrence for their entire 
length are open to the equal use of the nationals of 
both countries. Since the war of 1812 the lakes and 
the river have been recognized as the joint artery of 
the two governments. Our use of the St. Lawrence 
because of our greater population, and industry, will 
greatly exceed the use of Canada; and there is certainly 
no sound reason why we should not bear our proportion 
of the expense irrespective of its location. It should 
be noted further that each nation is to pay the entire 
expense of its own power developments; and that 
expenses are shared only as they refer to navigation. 
Canada owns the Grand Trunk Railroad, and thus has 
an investment in the United States of over $200,000,000 
and if Canada has not hestitated to invest in railroads 
partially within the United States, certainly we should 
not hesitate to invest in a joint waterway more benefi- 
cial to us than to our neighbor. Ifthe United States 
and Canada jointly develop this great route of trade, 
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it will tend to cement the ties of industrial and political 
friendship which have existed between the two countries 
for over a century. 

Thus far I have considered the St. Lawrence Project 
from its effect upon the nation as a whole; and my 
conclusions are that it will greatly benefit the commerce 
and industry of the country. 

Let us turn now to the consideration of the immediate 
effect of the project upon our own state and upon the 
Port of Boston. Commercially, it will give us a direct 
water route between the Middle West and our own 
ports. It will also bring lake traffic to the terminals 
of our New England railroads at Ogdensburg and 
Montreal, and thus reduce the distance to lake navi- 
gation from 500 miles at Buffalo to 250 miles at the 
St. Lawrence. Our traffic will also be free from the 
crowded gateways at Albany and Buffalo; and our 
own railroads through their own or affiliated boat lines 
will reach all of the great ports of the West. The 
existence of such a route will also help us to maintain 
our present differential rates which have been so great 
an asset to New England’s industries. Finally, it 
will give us a definite and compelling reason for the 
abolition of the rail differential which now exists in 
favor of Philadelphia and Baltimore. 

The project will also give to New England a supply 
of cheap energy nearly sufficient to operate its rail- 
roads, its utilities, and its industries. Previously in 
this report we have discussed the cost of power generated 
on the St. Lawrence. Suffice it to repeat at this 
time that power can be generated on the St. Lawrence 
and transmitted throughout New England at a cost 
less than the cost of power made by coal at the mouth 
of the mine in Pennsylvania. Not least among the 
advantages of the hydroelectric power of the St. 
Lawrence is the fact that it will tend to grow cheaper 
with increased use, whereas power generated by coal 
is bound to increase in cost with the growing scarcity 
of fuel. Finally, our power supply will be free from the 
embargo and the delay at the crowded railroad gate- 
way. The industry of New England needs for its 
continued maintenance and prosperity efficient and 
cheap transportation and low-priced power. Both 
of these will be supplied when the St. Lawrence is 
open to navigation and its power made available for use. 

New England’s chief argument against the opening 
of the St. Lawrence has been its fear that the foreign 
commerce of the Port of Boston would be seriously 
affected. This objection is worthy of every considera- 
tion. No positive prediction can be made as to the 
beneficial or harmful effect on Boston’s foreign com- 
merce. The arguments which have been presented 
show great possibilities for good as well as harm. 
Boston’s foreign commerce has for the last twenty 
years steadily declined, until it has reached the lowest 
point in its history. This has been due largely to the 
operation of the rail differentials in favor of South 
Atlantic Ports, which have diverted from Boston the 
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grain and other heavy commodities required in a 
properly balanced cargo. Last year Boston’s exports of 
grain were only about 4,000,000 bushels out of a total 
of 300,000,000 for the entire country and Canada. 
If the St. Lawrence route is opened, much grain will 
be brought to river ports in lake vessels and stored 
in elevators for export purposes. Much of this grain 
will go abroad directly by water from Montreal; but 
it is also true that much of the stored grain will come 
to Boston and Portland, particularly during the five 
months when the St. Lawrence is closed, and thus fur- 
furnish Boston the bulk cargo which her foreign commerce 
requires. It must also be of great advantage to New 
England ports to have the tonnage of the Great Lakes 
brought within 250 miles of its ports and in direct 
touch with its own rail heads on the St. Lawrence; 
and New England’s railroads whose interests are identi- 
eal with the interests of the Port of Boston, will have 
every incentive to make rates which will bring the 
lake commerce to Boston. Mr. A. H. Ritter, of the 
Department of Commerce, has very clearly brought 
out the fact that Boston has a large inbound commerce, 
and is particularly in need of export products, in order 
that ships may have both inward and outward cargoes. 
He also points out that Montreal has very little in- 
bound commerce, and that a vessel could better afford 
to come loaded to Boston and pay the rail haul from 
Ogdensburg or Montreal to Boston for export cargoes, 
rather than to go to Montreal empty and effect the 
saving of the rail haul. 

It should also be remembered that the value of any 
port is measured by its service to domestic as well as 
foreign commerce, and no one can doubt that a large 
amount of domestic commerce will flow by water 
from the Port of Boston to the ports of the Great 
Lakes. While, therefore, there is a possibility that 
some of the commerce of the West now flowing through 
New York and Boston will flow directly to Europe via 
the St. Lawrence, yet, so far as Boston is concerned, 
there is every probability that through this route 
she will gain the bulk cargo, at least during the winter 
season, which her foreign commerce now lacks. 

Various other local objections have been raised. 
For instance, Montreal fears that freight will pass by 
it and that it will become a way-station on the St. 
Lawrence. Portland is apprehensive lest it lose some 
of the grain which the Grand Trunk now ships through 
that harbor when the St. Lawrence is closed. Buffalo 
fears that it will lose the transfer charges now paid at 
that port; and New York State fears that the Erie 
Canal will receive less traffic. 


All of these local objections must be given due 
consideration. I think, however, it can be assumed 
that no local consideration should stand in the way of 
a great economic development which will - benefit 
much of the country; and Montreal, Portland, Buffalo, 
or New York cannot permanently expect to receive 
a toll for their individual benefit that increases the 
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cost of moving the exports or imports of the world 
to and from the West, or that denies to New England 
a much needed supply of cheap power. The weavers 
of Lancashire objected to the introduction of the 
power loom because they feared it would deprive them 
of their livelihood, but the power loom made Man- 
chester. So these local losses will be more than made 
up by resulting benefits which cannot now be foreseen. 

In my opinion, New England and New York have 
more to gain from this project than even the States of 
the West which arenowso actively supportingit. When 
men like President Harding and Secretary Hoover 
advocate this project as one of the greatest constructive 
engineering projects of this generation, and say it is a 
development equal in its importance to the Suez or 
Panama Canals, all must admit that it is of great 
national, as well as local significance. 

The people living in the region of the Great Lakes | 
are in the same position as the people residing along the 
shores of the Mediterranean would be if the Straits 
of Gibraltar were closed, or the nations bordering upon 
the Black Sea if the Dardanelles were obstructed by 
impassable rapids. 

At present the great demand for the improvement 
of the St. Lawrence comes from the merchant, the 
manufacturer, and the farmer of the Middle West 
and the Northwest, and from Canada, who demand 
that the traffic of the Great Lakes have direct access 
to the sea; but when the citizens of New England and 
New York appreciate what the project really means to 
their industries and to their railroads, they will be 
equally insistent that the St. Lawrence be opened to 
world commerce and its power made available for the 
use of mankind. 

I cannot better close than by quoting the words 
of President Harding in his address to the National 
Agricultural conference held in Washington on January 
23d. He said: 

I have spoken of the advantage which Hurope enjoys because 
of its easy access to the sea, the cheapest and surest transporta- 
tion facility. In our own country is presented one of the world’s 
most attractive opportunities for extension of the seaways many 
hundred miles inland. The heart of the continent, with its 
vast resources in both agriculture and industry, would be 
brought in communication with all the ocean routes by the 
execution of the St. Lawrence waterway project. To enable 
ocean-going vessels to have access to all the ports of the Great 
Lakes would have a most stimulating effect upon the industrial 
life of the continent’s interior. The feasibility of the project 
is unquestioned, and its cost, compared with some other great 
engineering works would be small. Disorganized and prostrate, 
the nations of central Europe are even now setting their hands 
to the development of a great continental waterway, which, 
connecting the Rhine and Danube, will bring water transporta- 
tion from the Black to the North Sea, from Mediterranean to 
Baltic. If nationalist prejudices and economic difficulties can 
be overcome by Europe, they certainly should not be formida- 
ble obstacles to an achievement, less expensive, and giving 
promise of yet greater advantages to the peoples of North 
America. Not only would the cost of transportation be greatly 
reduced, but a vast population would be brought overnight into 
immediate touch with the markets of the entire world. 


Another View of the St. Lawrence Project 
BY S. WALLACE DEMPSEY 


House of Representatives, Washington, D. C. Chairman of the Committee on Rivers and Harbors 


HE question as to whether the United States shall 

help Canada defray the expense of improving t1e 

St. Lawrence river, as Mr. Cooper said, is a great 
question. It is one that involves an enormous amount 
of money and it would take, the engineers estimate, at 
least ten years to do the work. So we should know well 
before we begin what the problem is, what it promises, 
how it compares with other things. It is a great trans- 
portation problem. Primarily at the base of it is the 
question of transportation. Water power is purely 
incidental. 


I am to talk to you as to how this question presents: 


itself from the standpoint of the United States. Well, 
we are just at the end of a great war. For the first 
time in the history of the country we are groaning under 
the burden of an enormous debt. Every question of 
Government activity has to be met from that angle 
and I am going to illustrate it to you. The city of 
Chicago has furnished a very able man as the first 
director of the budget, General Dawes,—a man of 
action, a man of brains. When he provided in the 
first budget that was ever presented to a Congress of 
the United States for the expenditure for all our rivers 
and harbors, how much do you think he estimated? 
We have been talking about one half a billion or 
500,000,000 dollars as the cost of the development in 
the international section of the St. Lawrence. And 
on the 50 per cent basis, one half of that would be 
250,000,000 dollars. But it is not the 50 per cent basis 
at all, that is proposed by the Joint Commission 
organized by Canada and the United States to study 
and report on the St. Lawrence route and what we are 
considering today is what the Joint Commission recom- 
mends. They have been asked to investigate and to 
report upon this subject and we are proposing to act 
on their report. They do not propose that the United 
States shall bear one half of the expense of this great 
undertaking. They say that the disproportion in 
wealth, in population, in commerce, between the 
United States and Canada shall disappear, that we 
shall bear—the two countries shall bear,—that expense 
in proportion to population, wealth and commerce, 
and that means, as you all know, that the United 
States shall bear nine-tenths of the cost. And we 
don’t stop there. A great canal has already been dug, 
the Welland Canal. It is practically completed. Its 
expense has been borne by the Dominion of Canada and 
this Joint Commission proposes that the United States 
shall share in the same proportion the cost of that canal. 

We have done the work of improving the Great 
Lakes. We have dug the canals, we have improved 
the harbors, we have done all the work that leads to 
their enormous commerce, the cheapest commerce in 
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the world that floats down from Duluth all the way to 
Buffalo. And if we should pay nine-tenths of the cost 
of this canal, which Canada has already constructed, 
why shouldn’t Canada come over and bear its propor- 
tion of the cost of this work which we have done for 
many, many years and which we are still doing? 

When as I say, General Dawes began to consider 
what he would allow to the United States for all of its 
rivers and harbors in this great country of ours, with 
about five thousand miles of sea and gulf coast, with 
25,000 miles of navigable rivers, with 25,000 more that 
can be made navigable, how much money, as against 
nine-tenths of somewhere from 500,000,000 to a billion 
and a half, which is proposed for this one route, how 
much do you suppose the General expected to allow us 
for all of this commerce within our country? Thirteen 
millions of dollars. And that is all he thought that the 
present conditions of this country could allow, with its 
burden of taxation, with the people paying high prices, 
as Mr. Cooper says, for labor and for supplies, and for 
materials. 

The Committee on Rivers and Harbors convinced 
him that he was wrong, convinced General Lord, the 
Finance Officer of the War Department, convinced 
Secretary Weeks that he was wrong, and as a result they 
consented to 27,000,000 dollars. At that time we 
expected 15,000,000 dollars could be used from 
unexpended balances to the credit of River and Harbor 
projects, and it turned out that there weren’t unex- 
pended balances available. So we went on the floor 
of the House and we had to make a fight and a strenu- 
ous fight, and a fight for which we had to prepare for 
four or five weeks, in order to enable us to get an addi- 
tional 15,000,000 dollars for our rivers and harbors. 


What was the condition of our rivers and harbors? 
Why did we need this money? We needed it for two 
reasons. First, during the war not a dollar’s worth of 
work was done upon any river or harbor in the United 
States, for the Secretary of War must have certified that 
it was necessary to win the war. Since it could not 
come within that definition the harbors were allowed to 
silt and fill up. And let me give you an illustration. 
Down in Mobile we adopted a project for deepening 
the harbor thirty feet, many years ago, and today the 
harbor in Mobile has less draft than it had when we 
adopted the project and what is true of Mobile is true 
generally of the rivers and harbors in the United 
States, they have been going backward instead of for- 
ward ever since the war broke out. 


In addition to that this country is growing very 
rapidly and we need to use all of our transportation 
facilities, and keep furnishing and supplying new ones 
from time to time to meet the constantly increasing and 
multiplying demands of commerce. And on that 
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account it is necessary that we should have our rivers 
and harbors used to their maximum. 

One other thing. Owing to the way that the rail- 
roads were managed during Government control, owing 
to the fact that their operation became enormously 
more expensive, owing to the fact that freight rates in 
consequence have soared to an unheard of level, the 
only relief in sight was by ¢theap transportation by 
water, and how could we have it unless we improved 
our waterways? And then we had living examples of 
the fact that it was important to improve our water- 
ways. All we had to do was to look to the south of us 
and we found on the Mississippi River that under 
Government management, which is always wasteful, 
always inefficient, we found that in spite of that Govern- 
ment boats are being operated there under Govern- 
ment control, and with all of the wastefulness, with all 
of the extravagance, with all of the inefficiency of 
Government operation those boats are paying, taking 
into account every kind of an overhead charge which it 
is possible to put into the account against them. 

How has it come about that this traffic upon the 
Mississippi, for the first time in the history of the 
stream, is really profitable? In a very natural way. 
In the olden days they used to fit out a barge on the 
Ohio River and they would send it down the Ohio and 
down the Mississippi and when it reached New Orleans 
they would break it up and sell it for firewood. Why? 
Because they couldn’t get a return cargo and it cost 
more to take it back up theriver unloaded than it would 
cost to build a new raft up on the Ohio. And for the 
first time in the history of the Mississippi they have 
found that they can get return cargoes to the full 
capacity of all the boats, and that is what has made the 
navigation of the Mississippi profitable, in spite of the 
drawbacks to which I have referred. 

That is only one example of the use to which we can 
put our waterways and of the necessity of using them. 
So here we are, from the Governmental standpoint in 
this position, of needing great sums of money to improve 
our own waterways in a time when we owe a huge debt 
and must economize, and we want to examine the whole 
thing carefully and fairly. We are all Americans, we 
all have the interests of the whole country at heart. 
If it is the best thing to build this waterway we want to 
build it, but we don’t want to decide it as a matter of 
sentiment, we don’t care to decide it as a matter of 
feeling, we want to examine it soberly as we would 
examine any other business question in the light of the 
facts, and see whether it will bear such an examination. 

We find that it is well nigh impossible to get what our 
own waterways need as a sheer-and dire necessity, we 
find as we look back over the history of the past twenty 
years that we have only had about 30,000,000 dollars 
a year for all our waterways. We find that last year 
we spent 40,000,000 dollars. We find that it is going 
to be necessary to spend 100,000,000 of dollars a year 
on the waterways in the United States to develop and 
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maintain them. And yet as I say, those in charge 
start off by offering us 18,000,000 dollars to meet a 
necessity that requires 100,000,000 dollars. 

In the face of facts like these, should we not examine 
a proposal to spend hundreds of millions of dollars on 
one waterway traversing a foreign country? Isn’t that 
fair, that we should examine it closely, that we should 
scan it, that we should be entirely satisfied before we 
reach a conclusion? 

Let us take the report of the Joint Engineers, first 
of all, and see, because that is what we have before us, 
what they propose. They say that we are to havea 
channel of 25 feet through the St. Lawrence, and then 
say we are to be satisfied with the channels in the 
Great Lakes, except that in the pivotal harbors and 
through some of the channels we may get an increased 
depth from 20 to 21, 22 or 25 feet, which are the con- 
trolling depths today. What is the situation as to 
that depth? Is that depth sufficient for the purpose 
for which it is intended? Is it going to enable ocean 
going vessels to traverse the St. Lawrence route,— 
ocean going vessels of a size that can compete with the 
lake freighters that now carry the traffic of the lakes? 
We have on the Great Lakes today freighters carrying 
14,000 tons, and everyone knows that is the cheapest 
transportaion anywhere in the world. These great 
freighters are practically square boxes which require 
scarcely any space for coal, they are loaded and un- 
loaded in an incredibly short space of time and owing 
to the fact that they don’t need the reserve space, 
that loading and unloading is so very cheap, that the 
cost of construction is very low, transportation on the 
Lakes is, for its cheapness the marvel of the world. 

I don’t know myself the comparative average costs 
of transportation on the Great Lakes and of that on the 
ocean. I recently had the pleasure of having a joint 
debate with Senator Ransdell of Louisiana, an ardent 
advocate of the St. Lawrence route, at Boston, when 
Mr. Harriman, who is to follow me, was present and . 
in that debate Senator Ransdell made the statement 
that the average cost of transportation per ton per 
mile on the ocean was three mills, and that the average 
cost on the Great Lakes was one mill. Now I know 
nothing about the accuracy of his figures, but I am 
reliably advised. that the cost of transportation on the 
ocean is much greater than the cost on the Great 


Lakes. So starting with that as a basis, I ask how 
you can, for the purpose of economy, substitute 
ocean navigation, which is far more expensive 
than navigation on the Great Lakes, for 


shipment by lake freighters and yet cheapen the 
cost of transportation to the wheat grower of the 
northwest? You start with that as your primary prop- 
osition and then you come to examine the details, and 
see whether it is simply the average cost of transporta- 
tion on the Great Lakes and of transportation on the 
ocean, that you have to meet, or whether there are 


other factors that enter into the problem and make it 
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more clear still that you cannot compete by an ocean 
going boat with the cost of transportation which is 
established today by the lake freighter. What kind 
of ocean going boats, what capacity of ocean going 
boats will be able to traverse the Great Lakes? That is 
your first problem. Here you have a depth, a control- 
ling depth of 20 to 22 feet, because your boat must be 
able to traverse the very shallowest section. The steam- 
ship companies say that the largest sized boat, that 
could traverse the Great Lakes and its channels and 
harbors, would be one of 4000 tons capacity, and they 
would have to compete on the Great Lakes with these 
freighters carrying 14,000 tons. What would the 
result be? You wouldn’t have the ordinary competi- 
tion between the cost on the ocean and the cost on the 
Lakes, but you would have in addition to that, not a 
competition between two boats, one an ocean boat 
carrying 14,000 tons and another a lake freighter of the 
same carrying capacity, but you would have this small, 
insignificant ocean boat, which isn’t large enough to 
be economical on the ocean competing with a 14,000 
ton lake freighter, 4000 tons is all that could be carried 
in an ocean ship upon the St. Lawrence route. Can 
there be any doubt that the 14,000 ton Lake freighter 
would carry freight very much more cheaply than the 
4000 ton ocean ship? 

Before I leave that question of depth, let us go to 
another demonstration of the fact that the proposed 
depth would be insufficient. The Joint Commission 
in its report says that the controlling depth from Mon- 
treal to the sea, a distance of a thousand miles, is 30 
feet, but they say that that is being improved to 35 
feet. What does that mean? It means that Canada 
and Great Britain have used that channel for ocean 
going vessels for a very long time and as the result of all 
of that experience they have found that 30 feet even 
isn’t a sufficient depth, and that to navigate the channel 
economically, to get the best results, the lowest freight 
rates, and to make it profitable to use the channel, you 
must have a depth of 35 feet. 

So here is the channel from Montreal to the sea, ore 
thousand miles long and it is proposed to supplement 
that by a channel, from Montreal west, of twenty to 
twenty-two feet, and join together that mismatched, 
dissimilar pair and call it a joint and complete route. 
Of course it is utterly impossible. 

What next do you find? That there isn’t simply the 
disproportion of costs between the lake freighters and 
the ordinary ocean going boat, but that there is a great 
difference because they are built on an entirely different 
principle. The one is built much higher than the other, 
the ocean vessel having to be built for the buffetings 
of that enormous expanse of water. But you don’t 
have to build simply the ordinary ocean going boat for 
the St. Lawrence route. The Encyclopedia Brit- 
tanica in its latest edition says that for the navigation 
of the St. Lawrence route you must have an especially 
strongly constructed vessel because of the fact that 
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icebergs are present in that channel at all times of the 
year. 

That adds to the overhead, and to the cost of con- 
struction; the interest charges, as Mr. Cooper pointed 
out, go on, and as a result, the cost of carrying the 
wheat, if you are going to carry it in that ocean-going 
vessel, is increased by the interest on that added cost 
of construction. 

Then the Joint Commission says that it is not simply 
a question of fogs, tides, nor icebergs, but the combina- 
tion of all of these difficulties and dangers of that 
route, there resulted in 1909 the adoption of what was 
known as the British North American Clause of Marine 
insurance requiring a very ‘high marine risk rate all 
through the St. Lawrence. The Joint Commission 
in this report recommending this route says that that 
is a handicap to the usefulness of the route. 

Those are a few of the objections to this route. 
Mr. Redfield, Secretary of Commerce, investigated this 
matter in 1918 and made a report in which he said that 
there never would come a time when ocean-going ves- 
sels would carry freight in the restricted channels of a 
canal or a river or upon the Lakes, that the over-head 
makes it absolutely impossible, the cost of construction, 
the cost of maintenance, the cost of operation was so 
very much greater for all boats of that description. 

A report was made by the Army Engineers at about 
the same time, and they reached the same conclusion. 
I don’t understand that any Board of Army Engineers 
has united in this report of the Joint Commission. My 
understanding is that a single Colonel from the United 
States Army was designated on our part, and an Engi- 
neer on the British side was designated, and those two 
engineers joined in the making of this report. 

Let us take this St. Lawrence route and examine it 
regarding waterpower. It runs along the American 
border for a very short distance. In that distance 
there occurs one of the opportunities to create water 
power. Every one in the United States is in favor of 
the development of the water power on theSt. Lawrence, 
on the Niagara, at every point in the United States 
where it can be developed. It is the one thing since 
I have been in Congress that has been my especial care, 
for which I have fought incessantly, day in and day 
out, ever since I have been a member of that body, 
because in the district, which I have the honor to 
represent, there is located the greatest water power in 
the world, the power of Niagara. We have developed 
a small part only of the great power there and I have 
seen a little village of 3000 people grow to a city of 
60,000 people, (with $200,000,000 of assessed valua- 
tion), which is the greatest electrochemical center in 
the world, I saw there the development of more of the 
things that went to the successful prosecution of the 
war than were made at any other point in this great. 
and rich nation of ours, with all of its broad territory. 
So, of course, I believe in the development of power, 
everywhere throughout our country. But the develop- 
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ment of power anywhere, if the power is worth develop- 
ing, doesn’t have to be done at Government expense. 
Go down and examine the applications for the develop- 
ment of water power in the Federal Power Commission 
at Washington. Talk with the Secretary, Mr. Merril, 
find if there is any water power. that is worth having 
for which there isn’t an application pending. Find if 
there aren’t competitors in each case where the power 
is worth anything. Find if men aren’t eager, not ready, 
but eager and ready to advance the money at a 
moment’s notice, the instant they can get the license. 
That is the situation as to the development of power. 

Then if anyone says to you, ‘‘ Why, you can do better 
by Government development than you can by private 
development,”’ say to him, that he can look back to the 
period when the Government controlled the railroads 
and it had them for only 26 months under operation 
and say to him that during that period the Government 
lost the stupendous sum of one billion dollars, one twenty- 
sixth of its total national debt today incurred by reason 
of the war. And say to him that you had the poorest 
service during Government operation you ever had in 
the history of your country and if he wants a practical 
illustration, tell him that you couldn’t trace a freight 
car from the time it left a yard until it reached its 
destination, if it ever reached it. And then tell him, 
if he wants a particular instance of how bad it was, to 
go down into New England and find their roads practi- 
cally ruined and if he will examine the records he will 
find that during the first 18 months of Government 
control they earned only 15 per cent of the standard 
return,—of the average of their earnings for the three 
years preceding Government control,—and, then if he 
says to you, ‘‘ Why, railroads are not water power, and 
we are talking about water power,” tell him to go down 
to Niagara and visit both sides of the river there and 
then go on to Quebec and tell him he will find that on 
the Niagara, on the American side we furnish power 40 
per cent cheaper to the consumer than they do over on 
the Canadian side where it is government controlled, 
and then tell him to step down to Quebec where it is 
developed by private enterprise and he will find that it 
is produced there 32 per cent cheaper under private 
enterprise than it is by the Government. 

So far as the Government part of this is concerned 
the Government doesn’t need to, and shouldn’t, take 
any hand in the development of the power, and there 
isn’t a man in the United States who recognizes more 
fully than I do, the importance of power development 
or who is more earnestly, in season and out of season, 
every day of the year, for water power development. 

Let me say one word more about this question of 
water power. Many people say to you that water 
power will pay the entire cost of the improvement of 
the St. Lawrence. Well I say to you that as a matter 
of law, it can’t do that and as a matter of justice and 
fairness it shouldn’t do that. This water power will be 
developed under the General Water Power Bill and I 
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had the honor personally to make the fight which kept 
boundary streams in the General Water Power Bill. 
You have the legislation ready and all you have te do 
is to give private capital the opportunity to develop 
the power. 

The General Water Power Bill provides this,—and it 
is not going to be changed because it is a just and fair 
bill,—it provides that when the state where the water 
power is developed has a Public Service Commission, 
that that Public Service Commission shall regulate the 
charges. On what principles are they regulated? 
They regulate them on this basis,—they allow the 
companies to prove what it costs per horse power to 
develop the power which they are selling. They allow 
them a reasonable sum for depreciation and amorti- 
zation and then they allow them a reasonable profit. 
Now how are they going to allow for something that 
hasn’t anything to do with water power? Because 
navigation has no connection with water power, 
navigation is an entirely separate and distinct thing. 
How can they allow those who develop the water 
power to charge the consumers of the power for the 
development of navigation in the St. Lawrence? It 
can’t and shouldn’t be done and we shouldn’t, for one 
moment, delude ourselves with any dream that we are 
going to pay the entire cost of improvement of navi- 
gation out of the development of the water power. 
Why, this country needs the improvement of its trans- 
portation facilities. All along the Atlantic Coast, 
starting in from Boston and Portland, including every 
southern port, Baltimore, Savannah, Charlestown, 
Mobile, Galveston, New Orleans, every port is growing 
from day to day and year to year in its commerce, and 
most of these ports are growing rapidly in the export 
of wheat. 

Do you realize,—and it seems impossible for those 
who haven’t examined it to realize it,—do you realize 
that on the Houston Ship Canal they are carrying 
10,000,000 tons of freight a year? Of what kind? 
They are carrying that material which is just as useful 
as water power,—oil. And it is increasing in quantity 
from month to month and they have found down there 
that it is not economical to have a 25 foot water-way, on 
that little stream leading up from the ocean, only 
about 50 or 60 miles long. They have found that 20 to 
22 ft. depth wouldn’t do. They have 25 feet and 
they are before Congress at this session to get it increased 
to 30 feet and the Committee, of which I have the honor 
to be Chairman, has reported a bill to give them their 
30 feet depth. There isn’t anything any more import- 
ant to the development and the progress of this nation 
than the use of oil and its various products. There 
isn’t anything that is multiplying in its use from day 
to day, with anything like the rapidity of oil, and there 
is no place where it is being shipped as it is down in 
those gulf ports. And there is one of the things that 
you have to do. We haven’t any money in this Bill 
for deepening these harbors. We are simply going to 
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adopt the project and then trust to Providence that 
we can persuade Congress that it is necessary to let 
this oil come to us just as cheaply as it can, let the cost 
of gasoline go down five cents, if it is possible to do so 
take it out of the transportation costs. Isn’t that a real 
problem to be weighed against the St. Lawrence route? 
Isn’t it as important to us as developing a waterway in 
the foreign country? And that is only one of our pres- 
sing needs. Here is the Ohio River. Congress over 
26 years ago adopted the project of improving the Ohio 
River by locks and dams. In 1910, after seven of the 
54 locks and dams were completed, we provided that we 
should complete that improvement within 12 years. 
Twenty-six years have passed. We have improved 
500 miles of it, about half, and the rest remains to be 
done. 

The Ohio runs between coal mines and forests, rich 
fields waving with grain and all the products of the soil 
and, in its upper portion, through a beehive of manu- 
facturing plants which have caused that section to be 
called ‘‘The Workshop of the World;’’ and cheap 
transportation can be had to carry all these products 
from Pittsburg, Cincinnati, St. Paul, St. Louis, New 
Orleans and intermediate points; and all of those great 
American cities which we love just as much as we do 
Montreal and Toronto, which are just as near our hearts; 
yet how are we going to get the money to complete this 
great transportation project if we spend hundreds of 
millions of dollars upon one foreign waterway, when it is 
hard to wring thirty millions of dollars out of an un- 
willing Congress for all the waterways of this great 
country of ours. 

And then the Mississippi flows down dividing our 
whole empire of states, with great grain fields on both 
sides of it, furnishing to the vast territory tributary to 
it a far shorter route to the sea than the St. Lawrence 
route, and the southwest pass needs to be improved, 
and it will take millions to complete the work. Where 
are we to find the money if we spend all our income 
on the St. Lawrence? We never have provided that 
the nation should deepen the harbors on the Mississippi 
and they are all filled and silted and haven’t the 
requisite depth. Don’t we need the money to do that? 
Shouldn’t we provide it? Don’t we love all those cities 
down there just as much as we do Canada? And isn’t 
it just as important to the life and the prosperity of 
this nation as a whole, that that great river be improved? 

And so you could go over the various waterways of 
the United States, taking them one by one, pointing to 
their use in the national system of transportation. 
Why, as I think of this St. Lawrence route, I think of 
something that is in the mind of this nation because the 
President has recently brought it to the attention of 
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Congress. I think of the fact that during the war, at 
an enormous expense, at the expense of billions we 
built up a great Merchant Marine only to find that the 
effort to operate it lost us a million dollars a day for the 
365 days of the year. And finally we threw up our 
hands in despair and said that we couldn’t stand the 
losses and that we had demonstrated that the Govern- 
ment couldn’t operate ships, and the President came 
to Congress and said that we must sell these merchant- 
ships, these hundreds of thousands of tons that we had 
built at this enormous expense, let them pass into 
private hands, but under the American flag. But he 
said it was demonstrated with equal clearness that owing 
to our high cost of labor it was impossible for private 
parties even with efficiency, with energy, with capacity, 
with all that goes to make business successful, it would 
be impossible for them to operate those ships success- 
fully in competition with the cheaper paid labor of 
Europe and with the experienced seamanship of those 
countries, and so he proposed that we should subsidize 
the American Merchant Marine, pay them 30 to 50 
millions of dollars a year in order to enable them to 
operate upon the ocean, as Congress is going to do it, 
in my judgment. 

If it is impossible for an American Merchant Marine 
to operate upon the free ocean, the Atlantic and the 
Pacific, with all the advantages they offer, how I ask 
you, when you can only bring up the St. Lawrence a 
boat with 4000 tons capacity, which is uneconomical 
even on the ocean itself where they require at least 
7500 to 10,000 tons to be economical, how are you 
going to induce private enterprise to enter upon any 
such business venture as navigatmmg ocean ships of 
that capacity on the St. Lawrence route? Deepen and 
widen the St. Lawrence, spend your hundreds of mil- 
lions of dollars, starve your own waterways in the 
United States, do this for a third of the life of one 
generation, ten years, and when you have the waterway 
there ready, to the depth and of the draft that the 
Joint Commission recommends, what are you going to 
do with it when you can’t operate ships upon the ocean 
of proper tonnage to be economical, when you can’t 
operate them without a subsidy, how are you going to 
get any one to operate them upon the St. Lawrence 
route? 

And are you going to come then and ask for a sub- 
sidy for this route for a thousand miles up to Montreal 
from the ocean and then on to Duluth? And do you 
think that the nation is in condition to grant the sub- 
sidy or that they will believe in the enterprise when 
they have examined it sufficiently to subsidize the boats 
that would navigate the channel? I am thoroughly 
convinced that this is a vision. 
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This paper presents a brief discussion of the current transformer as used with measuring and controlling apparatus 
with special reference to the degree of accuracy which can be attained in the ratio and phase angle. A new type of 
current transformer is then described, in which it is possible to secure much higher accuracy with a given amount 
of tron and copper in the transformer. In this new device the transformation is effected in two stages, the first 
yielding in the usual way a secondary current which is approximately correct in magnitude and phase, and the second 
yielding an auxiliary corrective current which, when combined with the first secondary current, gives a resultant current 
which very closely a pproximates to the secondary current which would be furnished by anideal current transformer 
having no errors. The two currents may easily be combined by having two like windings in the devices operated, one 


for the main and one for the auxiliary secondary current. 


The mathematical theory of the two-stage current transformer is developed and applied. Experimental curves 
are given to compare the performance of the new transformer with that of an ordinary simple current transformer of 
good average performance. The effect of mutual inductance between the external secondary circuits is discussed, 
and some of the special advantages of the new transformer are given. 


THE SIMPLE CURRENT TRANSFORMER 


HE term ‘current transformer” as ordinarily 
T used refers to a transformer used to deliver to 

electrical measuring and controlling devices a 
definite fraction of the line current. It consists 
essentially of a core of magnetic material on which are 
wound two coils, one of which, usually of a few turns 
of large wire, is connected in series with the high- 
voltage circuit, while the other coil (usually of a greater 
number of turns of smaller wire) supplies a secondary 
induced current which operates the measuring and 
controlling devices in the secondary circuit. The 
impedance of the external secondary circuit is properly 
referred to as the secondary burden. 


In order that a secondary current may be induced, a 
certain component of the primary current must be used 
to produce the necessary magnetization, and to supply 
the core loss. The core being of iron it is readily appre- 
ciated that this component of current varies with (1) 
secondary burden, (2) frequency, (3) magnitude of the 
secondary current. Because this component does not 
vary directly with the secondary current, the ratio of 
the two currents varies with any changes in the above 
three factors occurring either separately or jointly. 
Also, the electrical phase difference between the primary 
current and the secondary current, which would be 
exactly 180 deg. in an ideal transformer, departs from 
180 deg. by a small angle, the “‘phase angle,’ which 
varies with each of the three causes mentioned as 
affecting the ratio of currents. For the accurate opera- 
tion of electrical measuring apparatus, especially 
wattmeters and watt-hour meters, it is necessary that 
the ratio of primary current to secondary current should 
always be constant in a fixed ratio and that the depar- 
ture from the 180 deg. phase relation should be 
negligible. This should be true for all ordinary condi- 
tions of secondary burden, primary current and fre- 
quency. Changes in ratio affect the readings of instru- 
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ments at all power factors while phase angles cause 
errors which greatly increase as the power factor is 
lowered. For example, in using a polyphase watt-hour 
meter for measuring the energy delivered over a three- 
phase system, a variation of 1 per cent in the ratio 
causes an error of 1 per cent in the registration, irre- 
spective of the power factor. When the system is at 
86.6 per cent or 50 percent power factor, a phase 
angle of 20 minutes will cause errors of 0.3 per cent and 
1.0 per cent respectively in the registration of the meter. 
While such errors in ratio and phase are known to 
exist, their effect upon the accuracy of the instruments 
to which they are connected is not always appreciated. 
In the past and even at the present day, many central- 
station men consider a current transformer as of abso- 
lute ratio and zero phase angle. 

Besides the conditions already spoken of as affecting 
the ratio and phase angle of the ordinary current trans- 
former, there is the question as to the magnetization 
of the core brought about during moments of opening 
and closing of the primary circuit or accidental opening 
of the secondary under load. 

Voltage (‘potential’) transformers are inherently 
capable of a very much better performance than current 
transformers, especially as regards phase angle. The 
induction watt-hour meter has also been brought to a 
high state of development, and its performance on 
inductive and non-inductive loads is readily controlled 
by the user through the three standard adjustments 
(light-load, full-load, phase). The current transformer 
has lagged in development behind the other two essen- 
tial elements of metering equipment. The only way 
to improve it radically, with the methods of construc- 
tion commonly employed, is to use iron of magnetic 
qualities much superior to anything now commercially 
available. It is the purpose of this paper to show how 
the transformation of current for metering purposes 
can be brought up to an accuracy at least as high as that 
of the other component functions, by means of a device 
which we have called a “two-stage” current trans- 
former. 
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The two-stage current transformer (shown diagram- 
matically as two distinct transformers in Fig. 1) 
inherently and automatically effects a correction of 
current ratio and phase angle between primary and 
secondary currents to a high degree of accuracy and 
within wide limits of secondary burden. This is 
effected in a manner which may be called a ‘‘multi- 
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Fig. 1—EvLementary Diagram or Evectric anp MaaGnetic 
Circuits or Two-StaGe CuRRENT TRANSFORMER SHOWN AS 
Two SEPARATE TRANSFORMERS 


stage’ transformation in which one transformer (the 
one at the left in Fig. 1) is used to effect the transforma- 
tion in the ordinary way, yielding a current which is 
approximately correct as to magnitude and phase. 
The primary current and this secondary current are 
then passed through two windings of the second current 
transformer in which the ratio of secondary turns to 
primary turns is equal to the desired ratio of primary 
current to secondary current, the two currents being 
sent through their respective windings in such a way 
that their magnetizing effects upon the core (in ampere- 
turns) tend to oppose each other. (This exact ratio 
of turns is in contrast to the fact that in ordinary cur- 
rent transformers as now constructed, in order to 
secure approximately the desired ratio, one or more 
turns of the secondary winding must be omitted from 
the number which would be required by an ideal 
transformer). This second current transformer is 
provided with another winding called the auxiliary 
secondary, having very approximately the same num- 
ber of turns as the principal secondary winding. 

It will be evident that if the first transformer is 
operating under conditions such that the secondary 
current happens to be exactly correct in magnitude and 
phase, the ampere-turns of the two windings of the 
second transformer will annul each other at every 
moment, and will produce no resultant magnetization 
in the core of the second transformer and as a result no 
current will flow in the auxiliary secondary winding. 

If, however, as is usually the case in practise, the 
secondary current produced by the first transformer 
deviates from the desired ideal value in magnitude or 
phase angle, or in both, this current and the primary 
current flowing in opposite directions around the core 
of the second transformer produce a resultant magnetiz- 
ing force which acts upon this core. If the auxiliary 
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secondary be now connected to an external circuit, a 
eurrent will flow which will tend to reduce the flux in 
the auxiliary core to zero. Under suitable conditions 
this auxiliary secondary current closely approximates 
in magnitude and phase to the current which must be 
vectorially added to the principal secondary current 
to produce a current such as would be given by an ideal 
transformer of exact ratio and zero phase angle. 

The relations involved may be seen from the vector 
diagrams of Fig. 2, in which (a) is a simplified diagram 
of the action of an ordinary current transformer. OF 
represents the direction of the flux in the core, O E, that 
of the induced secondary e. m. f.; their magnitudes are 
immaterial for the present discussion. With the usual 
case of a secondary circuit having resistance and induc- 
tance, the secondary current O J, will lag behind O F,, 
and if the secondary coil has one turn, O J, may also 
represent the secondary ampere-turns. OA is drawn 
of length equal to O I, and 180 deg. away from it, and 
represents the component of the primary ampere- 
turns which balances the secondary ampere-turns. 
To produce the flux and supply the core losses a mag- 
netizing current J,, must flow through the one-turn 
primary, and J,, shows the magnitude and direction of 
this current and its magnetizing ampere-turns. Com- 
bining OA and OT,, we get the vector O Io, which 
represents the primary current and its ampere-turns. 
It may be seen that since OA is shorter than O Io, 
I, is smaller than the desired value. (In practise, this 
is usually corrected, for any given set of conditions, by 


(a) (2) 


Fig. 2—Vector RELATIONSZOF THE TWO-STAGE CURRENT 
TRANSFORMER 


“dropping secondary turns’’; that is, by making their 
number slightly less than the number required by an 
ideal transformer. However, for any other set of 
conditions, the current J,, will in general not change in 
such proportion to the other currents as to keep the 
ratio at the desired value.) Also, since O A leads O I, 
by the angle a, the secondary current has a phase error 
(“phase angle’’) of this amount. 

If we pass O I, and O J, through one-turn windings 
surrounding another core in such a way that their 
magnetizing effects are substantially in opposition, 
their resultant magnetizing force will be equal to OI,,. — 
These two opposing windings may thus be regarded 
as equivalent to a one-turn primary winding traversed 
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by the current J,,. Then in a third one-turn closed- 
circuit winding around this core (see Fig. 2 (b) ) the 
current J, will be induced. It is evident that if this 


Fig. 3—Moror ELement or Wart-Hour Meter, SHowING 
THE Two CuRRENT WINDINGS REQUIRED FOR USE WITH THE 
Two-StTace CuRRENT TRANSFORMER 


current be vectorially added to OA of Fig. 2 (a) the 
resulting current will be very much closer to OJ, in 
magnitude and phase than is O A. 

The current from the auxiliary secondary may be 
readily utilized by providing the meter (or other de- 


Fic. 4—Two-StaGr CuRRENT TRANSFORMER CONNECTED 
to Watt-Hour METER 


vices) with two identical current windings connected 
respectively to the main and auxiliary secondary 
circuits, as shown in Figs. 1 and 8. Under such con- 
ditions the total ampere-turns in the windings of each 
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instrument so connected to the transformer system will 
be for all practical purposes exactly equal to the ampere- 
turns derived from an ideal transformer. The mathe- 
matical treatment of the electric and magnetic net- 
work involved is given in the appendix to this paper. 

Instead of the two physically distinct transformers 
shown diagrammatically in Fig. 1, it is more convenient 
to use a single primary winding and a single secondary 
winding encircling both cores, with the auxiliary sec- 
ondary winding and a few turns of the main secondary 
winding surrounding the auxiliary core only.! This 
method of construction produces a two-stage trans- 
former which is physically a single compact unit 
(see Fig. 4), which shows such a transformer connected 
to a watt-hour meter. The method of linking the elec- 
tric and magnetic circuits is shown diagrammatically 
in Fig. 5, in which the numbers 1, 2, 3 represent the 
primary winding, the main secondary winding, and 
the auxiliary secondary winding respectively. 


PRINCIPAL 
CORE 


AUXILIARY 
CORE 


Fic. 5—Ewectric anp Macnetic Circuits or Two- 
Stace CuRRENT TRANSFORMER MADE AS A STRUCTURAL UNIT 


COMPARATIVE PERFORMANCE 


Without going into details concerning the causes 
limiting the accuracy of current transformers having 
simple secondary windings, it is sufficient to recognize 
that a higher degree of accuracy in current transfor- 
mers is desirable in order to bring up the accuracy of 
the readings of the meters and indication of the instru- 
ments which they operate. Let us consider the effect 
of such errors when the secondary is connected to a 
watt-hour meter which, for the purpose of this discus- 
sion, is assumed to be correct for all loads and power 
factors within the limits considered. If the meter were 
connected directly to the line the speed would be pro- 
portional to 

S = EIcos 0 
and if we assume next that a current transformer of 
nominal 1:1 ratio is interposed we would have the 
speed proportional to 
S' = = cos (0 — @) ; 
where F is the value, as taken from the calibration curve 
of the transformer, of the quotient, true ratio divided 


1. This construction was suggested by Dr. F. B. Silsbee. 
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by marked ratio, and a is the small angle (the “‘phase 
angle’’) by which the reversed secondary current leads 
the primary current. 

When operating at unity power factor the term cos 
(6 — a) is almost exactly equal to unity, so that the 
per cent registration of the meter will be almost in- 
versely proportional to R. 

As the power factor decreases the effect of a is felt 
more and more. Since for inductive loads the value 
of 9 is positive there will be a tendency for the meter to 
run faster as the power factor is lowered. As the load 
is lowered the values of both R and a increase and in 
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Fig. 6—CoMPARATIVE PERFORMANCE OF SIMPLE CURRENT 
TRANSFORMER AND Two-STAGE CURRENT TRANSFORMER 


general there is a slight tendency for one to compen- 
sate the other, yet in most cases the meter will actually 
exhibit an increased per cent registration on inductive 
loads. For leading power factors the opposite is true 
and as the power factor is lowered the meter becomes 
slower and slower. 

Fig. 6c shows this characteristic on inductive loads 
very clearly. The data as plotted show the degree 
to which the accuracy of a meter is affected when 
connected to a line through a modern simple current 
transformer. This transformer exhibits a good average 
performance. Transformers of considerably lower ac- 


curacy are in service and some of heavier modern 
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designs show a higher accuracy. The curves show the 
per cent registration of the meter for various loads and 
at power factors as indicated. Without the transfor- 
mer the per cent registration would in each case have 
been 100. The data were taken by direct measurement 
rather than by computation from ratio and phase- 
angle curves. In the case cited the secondary burden 
was 1 ohm resistance plus the resistance of the meter. 
This particular transformer had about 1200 ampere- 
turns at full load in the primary. A two-stage trans- 
former was built having about the same amount of iron 
in its structure but using only one-half the number of 
ampere-turns. Data were taken on this transformer 
when connected to a meter and with various values of 
secondary burden. For zero secondary burden there 
was practically no deviation from 100 per cent registra- 


ai Ratio and Phase Angle 
—- Type BK 6600 Volt 


~ RATIO-TRUE RATIO 
TO MARKEDRATIO 
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PER CENT-LOAD 


Fig. 7—Ratio, PHASE-ANGLE AND PERFORMANCE CURVES 
or Two-STAGE CURRENT TRANSFORMER 


tion for all loads and power factors. Figs. 6B and 6D 
show the results using secondary burdens of one ohm 
and two ohms respectively and in both cases there is 
practically no deviation from 100 per cent registration 
for all loads above 20 per cent. Figs. 6c and 6& show 
results which do not even compare favorably with 4, 
B and D, although the secondary burden in case C was 
very favorable to high accuracy. Fig. 6A shows in 
full lines the performance of the ordinary current trans- 
former when the secondary burden is only a meter 
element and 0.1 ohm lead resistance. The dotted 
line shows the performance of the two-stage transformer 
under the same conditions. For the latter the curves 
for the various power factors were so nearly coincident 
that they are shown as one line. 

Fig. 7 shows the conventional ratio and phase-angle 
curves for the two-stage current transformer with a 
secondary burden consisting of a watt-hour meter and 
0.1 ohm resistance. The lower set of curves, like those 
of Fig. 6, shows the performance as a function of both 
ratio and phase-angle. 

The above data show the great utility of the two- 
stage transformer in obtaining the highest degree of 
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accuracy in electric metering when the use of a current 
transformer becomes necessary. When used on switch- 
boards the auxiliary secondary need be connected only 
to the wattmeters and watt-hour meters, since in 
general an error of 1 to 2 per cent in the indications of 
ammeters is of no serious consequence. 

Watt-hour meters operated from two-stage current 
transformers need not be calibrated to compensate for 
inaccuracies in the transformers themselves, since the 
main secondary and the auxiliary secondary together 
provide an effective current which is at all times in the 
proper phase with and ratio to the primary current. 
This condition is practically independent of any change 
of secondary burden, frequency, or aging effects in the 
main core, and should the main secondary become open- 
circuited the auxiliary secondary will still provide 
current in approximately the proper ratio. 


EFFECT OF EXTERNAL MUTUAL INDUCTANCE 


In general the introduction of the auxiliary corrective 
current into any device means that the main secondary 
and auxiliary secondary circuits are magnetically 
coupled outside the transformer. This condition 
results in the introduction of e. m. fs. into the auxiliary 
secondary circuit in addition to those generated within 
the auxiliary secondary coil itself. Such e. m. fs. may 
become harmful to the successful operation of the 
transformer if they become sufficiently large. - In order 
to show this effect an experiment was made on a two- 
stage transformer, as follows: The burden in both main 
secondary and auxiliary secondary circuits was approxi- 
mately 0.25 ohm, and 0.79 mh. inductance. The 
constants of the transformer were first determined with 
the above secondary burdens and the test repeated 
using a mutual inductance of 0.21 mh. to couple 
magnetically the secondary and auxiliary secondary 
outside the transformer. The tests were made at 
60 cycles. 

The following table shows the change in constants for 
the condition with and without mutual inductance: 


WitxHout Murua INDUCTANCE 


Per Cent Load.... 10 20 40 60 100 
iin ee & 1.0017 1.0012 1.0010 1.0010 1.0010 
Phase Angle...... 5.5’ oe. 125’ Ohl oO. t 
Wires Morvat InpuctTANceE 
Peirce 7 Geet Ota 1 Olt” 1.010 T2007 
Phase Angle...... 6:2" 2.0’ OAS $35" © — 5:6’ 


The above figures show that the introduction of 
mutual inductance between the main secondary and 
auxiliary secondary circuits outside the transformer is 
at least harmful to the ratio of the transformer. It 
should be noted, however, that the mutual inductance 
used in the above experiment was about four times as 
great as that between the two current windings of a 
watt-hour meter. Furthermore, it is a simple matter 
to provide an external corrective mutual inductance 
of equal numerical value but of opposite sign, thus 
canceling the mutual induction taking place in the 
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meter. This device would be a small laminated core 
with two windings. 

The usual practise of keeping the secondary burden 
as low as possible should be adhered to in the case of 
the auxiliary secondary, and the corrective current 
should be applied only to apparatus where it is required 
from the standpoint of accuracy. 


SOME FEATURES OF DESIGN 


From a practical standpoint it is desirable to make 
the mutual reactances between primary and auxiliary 
secondary and between main secondary and auxiliary 
secondary the same and to arrange the coils so that 
both of these reactances will vary in the same ratio. 
This will not always be an easy matter when designing 
current transformers of high-voltage type, but in a 
laboratory standard transformer where the insulation 
between primary and secondary can be reduced to a 
minimum the problem is less difficult. By breaking up 
the primary and secondary into a number of sections 
and interleaving the sections on the core some very 
remarkable characteristics can be obtained. For 
example, a two-stage transformer of this type was 
built which had the primary and secondary built in 
two sections each and placed on the core in the follow- 
ing order: P- S- P- S; ampere-turns at full load, about 
900. 

The following table shows the characteristics of this 
transformer for 0.1 ohm resistance in the main second- 
ary and auxiliary secondary circuits. 


Per Cent Load.. FAD 20 30 60 100 
Ratioc: .-- sn aeanod 1.0005 1.0005 1.0002 1.0002 1.00v1 
Phase Angle...... 2.0’ 1.0’ 0.5’ 0.0’ 0.0’ 


For the commercial testing of instrument transfor- 
mers such a transformer could be considered as having 
a fixed ratio and negligible phase angle. 


TESTING TWO-STAGE CURRENT TRANSFORMERS 


Almost any of the methods now in use for determining 
the constants of current transformers can, with slight 
modification, be applied to the two-stage current 
transformer. 

The Agnew watt-hour meter method? will be of par- 
ticular interest to the laboratory of limited facilities, 
since it gives results which are sufficiently accurate for 
all commercial purposes and requires no instruments or 
apparatus of precision except a current transformer 
whose constants are known. When testing a trans- 
former of one-to-one ratio even this special transformer 
is not necessary. The ratio and phase angle as deter- 
mined by any one of these methods will be termed the 
“effective” ratio and phase angle since they are deter- 
mined from the vector sum of two currents. 

Fig. 8 shows the arrangement for testing a one-to-one 
ratio two-stage current transformer. Two watt-hour 


2. Agnew, Watt-hour Meter Method of Testing Instrument 
Transformers, Scientific Paper of the Bureau of Standards No 


Vol. 24, p. 642, 1921. 


¢ 


233, 1914; Craighead and Weller, General Electric Review 4 


June 1922 


meters a and b are each equipped with two sets of 
series coils having the same number of turns as a 
standard five-ampere coil. Each disk is marked in 
hundredths of a revolution. The potential coils are 
connected in parallel to a source of e. m. f. of the same 
frequency as that which supplies current to the primary 
of the current transformer and arrangements should 
be made whereby the phase relations between the main 


iit 


Fic. 8—Di1acraM OF CONNECTIONS FOR AGNEW Two-W atTtT- 
Hour-Meter Mertuop or Testing a 1:1 Ratio Two-Srace 
CURRENT TRANSFORMER 


current J, and applied e. m. f. E can be altered. It is 
not necessary that either of the watt-hour meters be 
in correct adjustment on unity power factor since it is 
shown that the constants of the two watt-hour meters 
do not enter into the computations. In many cases, 
however, the computations are somewhat lessened 
if the two meters are kept in rather close agreement as 
regards their constants. 

When taking readings at low power factors in order 
to determine the phase angle it is desirable that the 
meters be in agreement as regards the angle by which 
the shunt-field flux lags behind the voltage. It is not 
necessary that the flux from each potential pole be 
exactly 90 deg. behind the voltage, but it is desirable 
that the angle be the same in both. For this reason it 


has been found desirable to adjust the meters to agree- _ 
ment at unity and at some low power factor; say 20 - 


per cent. 

Three double-pole double-throw switches are pro- 
vided as shown. By throwing the switches first in the 
position A, B,C, meter a is in the primary of the 
transformer with one of the series coils disconnected 
while meter 6 has its windings connected to the second- 
ary and auxiliary secondary respectively of the two- 
stage transformer. By throwing the switches into the 
position A, B, C, the relative position of the meters is 
interchanged. 

If when the switches are in the position A; B,; C; we 
designate by a, and 6, the revolutions recorded on the 
meters a and 6 in a given time, and by az and 6; the 


revolutions recorded for the two meters a and b when the 
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switches are in the position A, B, C2, we have the ratio 
of the transformer 


a, b; 


2 be 


R= (1) 
if the applied e. m. f. E is in phase with the current I>. 

If the applied e. m. f. is not in phase with the current 
the quantity under the radical may be termed R’, the 
apparent ratio of the transformer, since it is dependent 
not only upon the effective ratio of the currents but 
upon the phase angle as well. 

From the standpoint of computations it is desirable 
to make 6, and b, the same, in which case, neglecting 
terms of second and higher orders, we have 


a, — Ge 


R= J 4a@,/a. =1+ a 


(2) 

When taken at power factors other than unity 
1/R’ X 100 would be the per cent registration which a 
meter would exhibit when placed in the secondary 
circuit of the current transformer if it were correct 
when placed in the primary circuit. Such data would 
be of particular interest to the practical meterman who 
desires to know the effect of both ratio and phase 
angle upon the accuracy of the meter. The curves 
shown in Fig. 6 are plotted on this basis. 


Phase angles are determined by taking readings. at 
both unity and low power factor for the same volt- 


Fig. 9—Di1AGRAM OF CONNECTIONS FOR AGNEW Two-WAtTT- 
Hour-MeteR Metxop or Testing Two-Stage CURRENT 
TRANSFORMERS OF RATIO OTHER THAN UNITY 


ampere load, using a wattmeter, voltmeter and ammeter 
to determine the power factor as regards the primary 
current and applied voltage H. For this case we denote 
by. a@;’, a2’, b;’, be’, the readings corresponding to ay, 


dz, 6;, b. in the test at unity power factor. Upon 
making 6.’ = 0,’ we have the phase angle 

1 

ae tan [ oT Bs ~ R/R?) | (3) 


where R’ = 4/ a,’/a,’ is the apparent ratio at the low 
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power factor and R is the ratio at unity power factor 
while @ is the angle between EF and I. 

This formula gives the phase angle in radians. For 
practical purposes, since the angle is small, we may 
take the angle as equal to the tangent. Doing this 
and multiplying by 3488 to reduce to minutes, we have 


3438 
tan 0 


Y= (1 — R/R’) (minutes) (4) 

Fig. 9 shows thé arrangement for testing a two-stage 
current ‘transformer whose nominal ratio is different 
from unity. The transformer S is used as the standard 
and: may be of either the two-stage or simple type. 
If of the simple type there will be no auxiliary secondary 


connections from this transformer to the switch as 


shown. If we let 
R, = ratio of the standard transformer S 
a, = phase angle of the standard transformer S 
R, = ratio of the two-stage transformer B 


@. = phase angle of the two-stage transformer B 
then with the same meaning ee to the a and b 
symbols as before 


—- A, — Ae 
Ri caRnviadadks (1 +5 ) (5) 
Oe) 
Q, = tan-! — (1-43 )]+e (6) 
= tan 6 SF AG he ; 


where R, Rk.’ = Ri V “ay! / as! is the apparent ratio at 
the low power factor and b,’ = b»’ as before. 
From this we may derive the practical formula 


3438 R, 
Qe ( ih — 


Prat Rie 
ADVANTAGES OF THE TWO-STAGE TRANSFORMER 


) + Gi; Qninutes) (7) 


In conclusion it may be well to point out some 
additional advantages of the two-stage transformer. 

From an engineering standpoint it is possible greatly 
to reduce the amount of copper and iron required to give 
results which are at least as good or better than now 
attained in the highest grade transformers produced. 
It is not necessary to have an accurate knowledge of 
the magnetic properties of the iron used. With reason- 
able amounts of materials used the inaccuracy of 
metering due to the presence of current transformers can 
be reduced to a negligible quantity. This is in con- 
trast to the average simple current transformer whose 
accuracy under service conditions often leaves much 
to be desired. Even with a given secondary burden 
it cannot be compensated for all loads and power 
factors, as the curves clearly show. 

The results of a questionnaire sent out recently to 
the large electric power companies by the Meter Com- 
mittee of the National Electric Light Association? 
showed that, “The installation of separate current 


3. Report of N. E. L. A. Meter Committee, June 1921, p. 
9, 44th Convention. 
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transformers was reported in practically all cases for 
watt-hour meters, while indicating instruments and 
other devices, including relays, are combined on the 
same transformer.”. The use of one two-stage trans- 
former would give as good or better metering accuracy, 
and would save the cost of the extra transformer and 
the space occupied by it. 

Current transformers of very large range, beyond the 
maker’s facilities for precision testing, can be made with 
the assurance that by having approximately the correct 
number of turns in primary and principal secondary and 
the exact ratio of turns in primary and auxiliary second- 
ary the ratio will be accurately correct and the phase 
angle negligible. 

Transformers of ordinary construction of small 
number of secondary turns cannot be brought to exact 
ratio because it is not feasible to drop a fraction of a 
turn. This difficulty is absent in the two-stage trans- 
former. 

Since watt-hour meters operated from two-stage 
transformers do not need to be adjusted specially to 
offset transformer ratio and phase-angle errors, the 
work of testing such meters will be simplified and the 
cost of testing reduced. 

An important possible application of the two-stage 
transformer is in the measurement of the output of a-c. 
generators on acceptance tests. In the case of large 
machines it is customary to stipulate a large penalty 
for each per cent by which the efficiency falls below the 
contract figure, and conversely a large bonus for an 
efficiency superior to that specified. It is therefore 
highly desirable to use current transformers which have 
a constant ratio and do not require troublesome cor- 
rections for phase-angle errors. The auxiliary winding 
can be applied to indicating wattmeters as well as to 
watt-hour meters. 

Particularly on high-voltage circuits where accurate 
metering is so desirable the simple current transformers 
of best design show very poor characteristics. This is 
due to the separation of primary and secondary wind- 
ings necessitated by the insulation requirements. This 
is particularly true of the Nicholson air-insulated trans- 
former and the bushing type having low ampere-turns 
and long mean path of flux in the iron. In these cases 
the two-stage transformer will make possible a step 
well in advance of present-day: methods of metering 
high-voltage systems. 

Appendix 

In the following discussion the mathematical rela- 
tions underlying the action of the two-stage current 
transformer are established, and a comparison is made 
with the corresponding relations for the simple current 
transformer. In this connection the authors wish to 
acknowledge valuable assistance rendered by Dr. F. B. 
Silsbee. 

The following symbols. will be ubédls 
I), J,andI,; = primary, main secondary, and auxiliary. 

secondary currents respectively. 


a 


+e 
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Xo, X;...X,4 reactances of the several coils as indicated 
by the subscript and on Fig. 1 

Z3 = impedance of main burden plus resist- 
ance of coils 1 and 3 

Zs _ = impedance of auxiliary burden plus 


resistance of coil 4 
= mutual reactances between coils indi- 
cated by the subscripts 


X01, X23, ete. 


No, Ni...N4 = number of turns in coils 0,1... 4 
May Ma = permeability of iron in main and 
auxiliary cores respectively 
Gi, Os = cross-section of iron in respective cores 
Uta ta = length of magnetic circuit in respective 
cores 
w = 2 7 times frequency 
y) sana 
Dy, Ds = leakage factors (approx. equal to 1) 
O01, Oo3,. .ete. = leakage differences 
wi a4 ba Dal, 
. 9 @; py Dy ly 
See = Z;/X,and Z,/X, respectively 
N34... .ete. = Os4 Wa THe. 
i? = 27/X4 


Throughout:.. the development, the currents, 
impedances, and permeabilities will be regarded as 
plane vectors and the final ratio will be obtained as a 
complex number whose modulus is the true ratio and 
whose argument is the phase angle. 

Applying Kirchoff’s laws to the two secondary cir- 
cuits shown in Fig. 1 we obtain 


I, [Z3 +79 (X, Se X 3) ] tr a9 Kos = als Inj (Xo1 at X 93) 
(8) 
Tj Xan + Is (Z4 + 7X4) =— 197 Xo (9) 


Solving these two simultaneous equations gives 


ae a (Xo. + X03) (Za +j Xs) + Nas Xv Fr 
a ° (Za +5 Xs) (Za +5 (Ki + Xs) + Xe 
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J XoalZs +9 (Xi + X5)] + Xa (Xo1 + Xo3) 
(Z4 ++ 9 X4) [Z3 +7 (Xi + X3)) + X32 


(11) 


Now each of the reactances (X,,,,) may be split up into 
a number of factors so that 


4 a j 

X, = Oey wi Ni? Dy 
xX 4m 4 > 

3 = Og 77 Ns D, (1 — 63) 
8 Aw 4 T2 

4 = Basia), ls ba Ng D, 
Xo = oS Sw NoN1 Di (1 = 601) (12) 
Kg we aie bis No N3 Dy (1 — 6.3) 
er = wae hi ba No Ny Ds (1 — 64) 
XK eoa ee ae an Mi N3 Ng Dy (1 — 61) 


In these expressions the leakage factors D, and D, are 
those by which the inductances of coils 1 and 4 respec- 
tively differ from those computed from the well-known 
simple formula for uniformly and closely wound ring 
coils. In the case of the other reactances the cor- 
responding differences are allowed for by introducing 
the quantities 6 which are in practical cases small 
compared with 1. 

If we now limit ourselves to the practical case where 
N; = N, and Ny, = Nz, and for abbreviation let 


Os M4 Dy | 

= 13 

a, Mi Di |, ay) 

and also let Dg fX PE BOW [Ae a (14) 
we get, on making the various substitutions, the two 


GAO) equations: 

I; oe I x 

N N : N? Ni 60. Ni? b23 Ni 

He | t= b+ Bee (= bes + bu + du 5a 8) —I [4 (ayre + We) A Bt (ire N3 yi 

N;? 
1— ws et 85+ 2 8a — du) J [ 2+ a(1- 90+ Nee ) | (15) 
and 
I,=—Io X 
Ne Ni Re Ns_ m 6o4 +601 +634+ x c (—63— 624 +623+631— 923024 +63024)— Jes Nt (15x) | 
Ni? 
1- Nise (— B+ 25a Bs jl d3+ Nee )] 


(16) 
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While these separately are very complicated functions 
of the leakage factors and burdens it will be noted that 
the 6’s and z’s are in practise small compared to 1 
and hence we may neglect the higher powers and pro- 
ducts of these quantities entirely. If this is done the 
division of numerator by denominator may be carried 
out explicitly and we obtain 


Th = ~ Tot [1 80 + Fe € Bas + Bu + 
2 
Ba) — y's ¢ (25a— 43) + 5 es = 
j(a +2 goed 4 (17) 
ho - 109 | Mage + bor Fp bu + 


ba: + we (d03 — 034 — 524) <5 


Mis © (285 — Bs) +. tes 
j[u—n (le BEY] bs 


It will be seen that most of the terms (e. g., 601) of (18) 
are equal in magnitude and opposite in sign to the cor- 
responding terms in (17), which is of course the mathe- 
matical expression for the physical fact that J, has 
very nearly the correct value to compensate for the 
departure of J, from its ideal value of — I, N2/Ni. 

If therefore we compute the effective ratio in the 
usual form we get, after a rearrangement of terms 


6 watedwapnioe Neng als, 
Ratio = ) Sere a Nz N, 631 + Oo, + 
, (N,— N;) N 
Hetie PreAeeel he pe : ah (19) 


The corresponding expression for a single-stage trans- 
former of the usual type is 
I, 


Ratio = —— = 


Ni 
‘fh arf. ee igs Sa hae 


fpr ce. May 20) 
A comparison of equations (19) and (20) shows at once 
the advantages of two-stage transformation. If N; 
is made equal to N; then the ratio in (19) becomes 
independent of the secondary burdens, and if in addi- 
tion 63, = 6% (7. e. if coils 3 and 2 have equal mutual 
inductances on coil 4) then the ratio becomes constant 
and equal to N;/N2. 

To see in more detail the effect of various conditions 
on the operation of the apparatus we may make some 
further algebraic transformations and must introduce 
some physical assumptions. It is evident from (20) 
that if 69; and zs were constants, ordinary current trans- 
formers would have a constant ratio and phase angle 
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at any given frequency and burden. Consequently 
the entire variation of transformer ratio with current 
and the main part of its variation with frequency and 
burden are due to the fact that the permeability is not 
constant and the core loss does not vary in proportion 
to the square of the flux density.. In the group of 
equations (12) no explicit mention was made of core 
loss but this may readily be taken care of by consider- 
ing u to be a complex quantity having a real component 
proportional to that component of the induced voltage 
in quadrature with the magnetizing current and an 
imaginary component proportional to the core-loss 
component of the induced voltage. The leakage 
differences 6 are roughly a measure of the ratio of the 
air leakage flux peculiar to one coil to the total flux 
which is mainly in the iron. Consequently these 
quantities, roughly at least, will be inversely propor- 
tional to the permeability of the iron. Also the quanti- 
ties z; and z involving, as they do, X, or X, in the 
denominator will be inversely proportional to u. We 
may therefore at least approximately set 


634 = nsa/ Mas 
24 = nos / bs 
23 = £3/ Ms (21) 
Neen ea Zs 
Nive). petiinangonems pee 
Inserting these relations in (13) and (14) gives 
Ratio (two-stage) = 
N 
ae sia a (nu = 572 na + 
: Ni-—N3 ) 1 | 
j ae ere (22) 
and 
ae Ni : 1 
Ratio (single-stage) = — ae [1 + (noi — J £3) — ] 
0 Mi 
(23) 


The equations cannot be profitably pushed farther 
than this unless the permeability can be expressed as a 
definite function of the flux density. It may be noted, 
however, that the flux density at which a core works is 
proportional to the net induced voltage per turn and 
varies inversely as the frequency. Consequently 
for high frequencies or small currents and burdens 
Mu, will be small but fairly constant while with higher 
flux densities corresponding to lower frequency or 
larger current and burden yw will be larger but will vary 
more rapidly with current. Since the auxiliary core 
has to circulate only the very small auxiliary current 
through the very moderate auxiliary burden, the flux 
density in it is low and wy, in equation (22) is fairly 
constant, though small. In the single-stage transfor- 
mer, however, the flux must be sufficient to circulate 
the entire secondary current and y,; in equation (23) 
will vary rather rapidly with current. 

The principal gain from two-stage transformation, 
however, is seen by the coefficient of 1/us in equation 
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(22), which involves only the difference of two nearly 
equal leakage factors instead of a single factor. More- 
over, the main secondary burden does not enter at all 
into the first order terms in equation (22) for the two- 
stage transformer, and the auxiliary burden is multi- 
plied by the factor 


Ni-—N; 
Ni 


which is always small and may be made zero if desired. 
To make N, = N; however in general will make I, 
larger than if N, is slightly less than N;. The conse- 
quent increase in auxiliary flux density and in the 
variability of us and in second order terms may more 
than neutralize the improvement in the ¢, term. 

Equation (22) shows very clearly the effect of external 
mutual inductance between the main and auxiliary 
secondary circuits, since such an effect is equivalent 
to increasing 734 and will directly destroy the balance 
between 63, and 6.4. This effect is referred to at some 
length in the present paper. 

On the whole it is seen that the errors of the single- 
stage transformer have been reduced to one order of 
magnitude smaller by the use of the two-stage trans- 
formation. This is confirmed by the experimental 
results which show .that a transformer which operating 
single-stage has errors of several per cent will on two- 
stage operation show errors of only a tenth of this 
amount, or less. 


Discussion 


James R. Craighead: Thereareinaddition to those outlined 
in this paper, several other methods of making phase angle 
correction in current transformers. The simplest is the use of a 
non-inductive shunt placed across the primary winding or across 
the secondary winding, which subtracts a certain amount of cur- 
rent either from the primary or the secondary side of the trans- 
former. This current isin a phase position which is such that 
it tends to restore the remainder of the secondary current to the 
phase position of the primary current, and by so doing can 
diminish to some extent the usual leading (or positive) phase 
angle of the current transformer. Inductive reactance may be 
substituted for the non-inductive shunt where the phase angle is 
negative. 

An extension of this method is the use of a separate winding 
on the core of the current transformer, which gives an oppor- 
tunity of using other voltages than the voltage generated at the 
secondary terminals. This allows the use of condensance, 
reactance and resistance; and by using these three the sub-divi- 
sion of the current can be made so that the net current going 
through the meter for any given point can be brought more 
exactly into phase apposition. Both these methods produce a 
correct phase angle under only one condition, and change in 
current, frequency or secondary burden is usually accompanied 
by change in phase angle. 

Consequently, this form also does not give a continuous or 
complete correction. 

A third method requires the use of two current transformers. 
A main current transformer has the standard connection, with 
its primary in the primary line, and its secondary connected to 
the meter or other burden. An auxiliary current transformer 
is placed with its primary either in the primary line or the 
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secondary line, and it has a ratio very different from the ratio of 
the first transformer. 

This second transformer produces a very small current, 
roughly sufficient to produce a corrective result if applied either 
across the primary terminals of the main current transformer, or 
across the terminals of the burden. A combination can be made 


PERCENT REGISTRATION 


Oo 


Fie. 1—Current TRANSFORMER FOR MrtEeRING SERvVICE— 
Accuracy aT 60 CrcLes 
Burden of 1.8 ohms resistance (45 voltamperes) 


to produce a result which is somewhat better than a simple point 
correction, by selecting main and auxiliary transformer so that 
their characteristics tend to offset errors through same range. 
As the auxiliary transformer has a comparatively large number of 
turns, more accurate correction of ratio may be made than with a 
transformer of standard type. Full correction can be obtained 
under only one condition, as in the preceding method. 


_ 
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Fig. 2—CurRENT TRANSFORMER FOR MeETERING SERVICE— 
Accuracy at 60 Crycizs 


Burden of one watthour meter and leads (0.15 ohm resistance, 3.75 
voltamperes) 


The method proposed by Mr. Brooks, while resembling the 
previous method in the use of two transformers, is distinctly 
different in principle. If the auxiliary secondary, which I prefer 
to call the tertiary is disconnected, the transformer consists of a 
core subdivided into two parts, with a common primary and 
secondary on both parts, the secondary being connected to an 
external burden. If then we connect the tertiary to a burden of 
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Fig. 3—CurRENT TRANSFORMER FOR METERING Smrvice— 
Accuracy av 60 CyrcLEs 


Burden of 0.97 ohm resistance, 4.03 milli henries inductance (45 volt- 
amperes at 0.54 power factor at 5 amperes 60 cycles) 


low impedance, the corrective current drawn reduces the flux in 
the auxiliary core. This increases the impedance of the 
secondary circuit and increases the voltage developed in the 
secondary by the main core, and consequently the flux in the 
main core and its exciting current. The error in the total 
secondary circuit is therefore increased, and we get a subdivision 
into two circuits, one whose accuracy has been largely increased 
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by the redistribution of the flux, and the other whose accuracy 
has been decreased by the same cause. The auxiliary core is 
really excited by the difference between the primary and second- 
ary currents as a true primary current, and the tertiary winding 
tends to deliver a proportionate current. Since this difference is 
the error in transformation of the main transformer, the correct- 
ive current changes in proportion to the need for correction. 
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Fige 4—CuRRENT TRANSFORMER FOR METERING SERVICE— 
Accuracy at 25 CrcuEs 
Burden of 1.8 ohms resistance (45 voltamperes) 


Consequently moderate changes in frequency, secondary burden 
or primary current make only very small changes in accuracy. 
From this the Brooks plan is evidently applicable where it 
s desirable to obtain high accuracy over a very small portion ofi 
the secondary burden, as a watthour meter. Where the purpose 
is to obtain better general accuracy on a large burden, such as 
curve drawing instruments, balanced relays, ete., the method is 
not applicable. 
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Fic. 5—Current TRANSFORMER FOR METERING SERVICE— 
Accuracy at 25 CycLEs 


Burden of one watthour meter and leads (0.15 ohm resistance 3.75 
voltamperes) 


Mr. Brooks has furnished curves showing the performance of 
an ordinary commercial type of transformer for comparison with 
his device. These results are not as good as may be obtained 
with the better grade of commercial transformers. 

Figs. 1 to 6 show the accuracy of a meter (neglecting its in- 
ternal error) operated from a current transformer of good stand- 
ard type at power factors from unity to 0.4 lagging, with various 
secondary burdens and frequency. 
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Fig. 6—CurrRENT TRANSFORMER FOR MbrEerRING SERVICE— 
Accuracy aT 25 Crcips 


Burden of 0.97 ohms resistance, 4.03 milli henries inductance, (45 volt- 
amperes at 0.54 power factor at 5 amperes 60 cycles) 


The first three show operation at 60 cycles, with burdens of 
(Fig. 1) 1.8 ohms non-inductive resistance, or 45 volt-amperes, 
at 5 amperes and 60 eyeles; (Fig. 2) 0.15 ohms resistance or 
3.75 volt-amperes (practically a watthour meter with its leads); 
and (Fig. 3) 0.97 ohms resistance with 4.02 milli-henriesinduct- 
ance or about 45 volt-amperes at 0.45 power factor. This last 
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is the highest burden recommended for use with the transformer 
when a watthour-meter is included. The results show errors due 
to the transformer of less than 1 per cent, as compared with much 
larger errors shown by the transformer used as a comparison by 
the authors of the paper. 

The next three figures show similar data for the same trans- 
former and burdens at 25 cycles. In Fig. 4 is shown the effect 
of a non-inductive burden of 1.8 ohms—which is rare in metering 
practise—on the accuracy for comparison with Fig. 1. Fig. 5 
shows the accuracy with burden of watthour meter and leads 
corresponding to Fig. 2, and Fig. 6 the accuracy with the full- 
rated burden for this service, corresponding to Fig. 3. 


With the last condition, the maximum error is again reduced 
to close to one per cent, while the more severe condition shown 
in Fig. 4 causes a maximum error of over 4 per cent, approaching 
the amount shown in Mr. Brooks’ example at 60 cycles. This, 
however, is a burden greater than is reeommended for watthour 
meters to work with the transformer. 

A study of the 25-cyecle results shows that the average error 
through the ranges selected is in each case in the same direction. 
It may therefore be partly offset by adjustment of the potential 
transformer burden or of the watthour meter itself. 


Perry A. Borden: In developing the two-stage current 
transformer, Mr. Brooks has eliminated what has been probably 
the worst feature in a-c. metering. Heretofore, about the only 
comfort we had lay in the possibility of the current transformer 
errors being to some degree compensated for by those of the 
voltage transformers. But this, even if true for one condition of 
the load could not be universally so. 

While the two-stage principle, as applied to transformers of 
an inherently compact design and of high ampere-turns means a 
close approach to perfection, it would seem that its greatest 
application would lie in the field of air-insulated transformers for 
high-voltage work, and for bushing type transformers where the 
primary is, of necessity, limited to a single turn. 


A limiting factor in the use of the two-stage transformer 
would appear to be introduced by the necessity of duplicating the 
secondary wiring both internally and externally to the meter. 
On large systems, where each installation is subject to the super- 
vision of a trained meter-man, this would mean little difficulty; 
but on small utilities where the metering installations are made 
by a wireman with no court of appeal but the manufacturer’s 
blueprint, the probability of error in the meter wiring would be 
double what it is now; and I think those who have had experience 
with meters installed by non-technical help, will agree that this 
is no small factor. 


I should like to ask Mr. Brooks if he has made any studies 
or carried on experiments in the use of this transformer without 
the refinement of the extra winding in the meter. It would 
seem that the commendable features of the principle would be 
sacrificed but little by paralleling the secondary and the auxiliary 
windings in the meter, or even at the terminals of the transformer. 
If this could be done, the only objection to the device,—that of 
duplicate current cireuits—would be at once removed. 

F. C. Holtz: In reply to Mr. Craighead’s remarks we might 
add that it was not our intention to show in this paper the charac- 
teristics of the best transformers to be had. We did, however, 
choose a transformer of good average characteristics—a type 
which represents a fair average of those in service today. 

I should also like to inquire of Mr. Craighead the weight of 
the transformer whose characteristics were shown on the screen. 

J. R. Craighead: It varies from 20 pounds up to about 
1500. Itis an average curve of the total amount of transformer. 

F.C. Holtz: The two-stage current transformer can be made 
extremely light in weight. For example, we have made trans- 
formers of 200 amperes capacity with one turn, weighing ap- 
proximately 13 pounds. This being the total weight of a trans- 
former for 13,200-volt circuits. 
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The two-stage principle becomes particularly applicable for 
high voltages where it is necessary to obtain great separation 
between primary and secondary, and where the simple trans- 
former cannot maintain the high standards of metering accuracy. 


In reply to Mr. Borden’s discussion, I should like to bring in 
an endorsement of his suggestion that an important application 
is that of the one-turn-primary current transformer. Where 
metering is done close to the generator bus, it is often found that 
the multiple turn transformer cannot withstand the effect of 
short circuits and a compromise is reached between the operating 
and meter departments through the installation of single-turn- 
primary current transformers. While such transformers do 
readily withstand the effects of short circuits, they very often 
fail to give satisfactory results in metering. This is particularly 
true of transformers of 200 amperes capacity and lower. Such 
transformers often show over 5 per cent variation in ratio from 
10 per cent load to 100 per cent and have phase angles as high as 
6. degrees on light loads. It is possible through the application 
of the two stage principle to build current transformers of the one 
turn primary type, which in addition to possessing the feature 
of indestructibility, have good electrical characteristics at low 
secondary burdens, such as for example, a meter element and 
-1 ohm resistance. Transformers of this type have been con- 
structed which maintain correct ratio to within .3 per cent 
from 10 per cent to 100 per cent load, and whose phase angle is 
less than 10 minutes over the same range of load. 


H. B. Brooks: Referring to Mr. Craighead’s statement that 
the two-stage transformer is applicable only where it is desirable 
to obtain high accuracy over a very small portion of the second- 
ary burden, we consider that it is only a question of design to 
obtain high accuracy over a large burden. In general, it is not 
necessary to do this, except in the case of watthour meters, for 
errors of even several per cent are not serious where the object 
is to obtain data as a guide in operating the plant. Of course, 
if the large burden introduces a relatively large mutual induct- 
ance between the main and auxiliary secondary circuits, cor- 
rective measures may have to be employed. The simplest is 
the use of an external mutual inductance of equal magnitude 
and opposite sign, by which the error in question may be reduced 
to zero. 

Tests by Mr. Holtz show that in two-stage transformers having 
at least 800 ampere-turns the effective ratio and phase angle are 
not impaired by the introduction into the auxiliary secondary of 
burdens approximately equal to that of a graphic wattmeter and 
only to a slight extent by introducing a graphic ammeter or 
relay. He has made tests of an 800-ampere-turn two-stage 
current transformer and has found that a considerable burden 
ean be introduced into the auxiliary secondary circuit without 
greatly affecting either ratio or phase angle, and that even at 
25 eycles the results are quite satisfactory and superior to those 
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obtainable in ordinary current transformers of the highest per- 
formance commercially obtainable. 

While the use of duplicate current circuits is a drawback 
as Mr. Borden suggests, it is not nearly so serious as might at 
first appear. If the principal secondary circuit of a two-stage 
current transformer be opened under load, the auxiliary second- 
ary winding will supply a current nearly equal to the desired 
total secondary current. This fact gives a means by which 
even an unskilled man may cheek the correctness of the con- 
nections of the auxiliary secondary coil, as follows: Assume 
that a three-phase watthour meter is to be operated by two two- 
stage current transformers. First the auxiliary secondary 
coils are disregarded, and it is immaterial whether their terminals 
are open or short-circuited. The principal secondary terminals 
are then connected to the current coils of the meter, and the 
correctness of the connections checked by diagram and polarity 
marks, or any other suitable method, just as if the current trans- 
formers were of the ordinary type. This done, the voltage is 
removed from one.element, and the direction and approximate 
speed of rotation of the disk are noted. The auxiliary secondary 
terminals of the current transformer which is driving the meter 
are then connected to the meter terminals, and as a check, the 
principal secondary circuit is opened. If the auxiliary coil has 
been properly connected, the meter disk will continue to rotate 
in the same direction and at practically the same speed as be- 
fore. If the auxiliary coil was connected backwards, the disk 
will run about the same speed as before, but in the opposite 
direction. 

The fact above cited simply means that the auxiliary winding 
is a corrective device capable of functioning not merely over a 
limited range of error in the principal secondary current, but 
even in the extreme case of the absolute failure of the principal 
secondary current the meter will be kept running at nearly the 
correct speed. 

It is obvious that other means may be used for facilitating 
correct connections, such as a cable of secondary wires of different 
colors, with corresponding markings on the meter terminals. 
In any ease, the method of checking just outlined is simple and 
easily applied. 

Answering Mr. Borden’s question about the elimination of the 
extra winding in the meter, we would say that a considerable 
amount of work was spent on this point. By proper precautions, 
very accurate results may be obtained, but it is necessary for the’ 
best results to use a rather large burden in the principal (non- 
precision) secondary circuit, and furthermore, to have means 
for checking the accuracy. With the use of duplicate windings 
on the meter, low burdens may be used in the principal secondary 
circuit if desired, and if the transformer has been properly made 
and checked at the factory, no means of checking the accuracy 
are required, save only to see that the connections are properly 
made as above outlined. 
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Review of the Subject.—Three thousand successive disrup- 
tive strength tests are herewith shown. These were made in six 
groups with 500 tests in each group under constant conditions of 
test. Three groups of tests were taken of standard insulating oil 
with three different shapes of the electrostatic field; small sphere 
gap, large sphere gap, and sphere-needle gap. One group of tests 
was made with commercial and another with chemically pure 
benzol. The last group was made with air as a dielectric. A brief 
review of results and conclusions follows. 

In measuring the voltage by a single sphere gap, set in air with 
reasonable care, the maximum error of test does not exceed 4 per 
cent and the average error is 1 per cent. In the average of six 
successive tests the maximum error decreases from 4 per cent to 
2.9 per cent and the average error decreases from 1 per cent to 0.6 
of 1 per cent. 

In contrast to air, the behavior of oil is very erratic. Successive 
observations of its disruptive voltage, made under most carefully 


HE difficulty of obtaining consistent data on 
dn the behavior of insulating oil under disruptive 

dielectric stress is well known. It has been found 
that, because of this erratic behavior of oil, most 
available data on liquid insulation are so incomplete as 
to be of limited value. 

To study this phenomenon of the erratic behavior 
of oil and its possible cause and explanation, 1500 
successive breakdown tests were made on oil, 500 on one 
sample each (I) with a short sphere gap, which were 
described in a recent paper by the same authors,! 
(II) with a long sphere gap and larger spheres at higher 
voltage, (III) with a point-sphere gap, to see what 
effect the size or shape of the electrostatic field had. 

Then 1000 successive tests were made with benzol, 
(IV) 500 with commercial benzol and (V) 500 with 
chemically pure benzol, to see whether the erratic 
behavior was specific to oil or shared by other liquid 
insulators. 


Finally 500 successive tests were made in air at 
atmospheric pressure, to determine the possible accu- 
racy of disruptive tests. 

As Peek, Ryan and Whitehead have shown that the 
dielectric strength of air is uniform within errors of 
observation, comparison of this set of tests with the 
other five should show how much of their non-uni- 
formity is due to the methods of testing, errors of 
observation etc. 


Each sample was tested successively 500 times at 
the same gap length by gradually applying voltage to 
the electrodes (submerged in the sample) until the 
gap between them was broken down. All possible 
precautions were taken to prevent the presence of 
foreign particles, dust, etc. in the samples of liquid 
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controlled conditions, differed by a percentage many times greater 
than the accuracy of the test,—the minimum value was as low as 
49 per cent of the maximum. This inconstancy of the disruptive 
strength. of oil appears inherent to the material. Little of the 
variation is dependent. on the shape and size of the electrostatic 
field. Much of the variation is due probably to the complex chemical 
and physical nature of the oil. 

Benzol gives far more consistent values of disruptive strength 
than oil, the more so the purer it is, but nevertheless benzol is much 
more erratic than air. 

Under successive tests oil, first slowly and then more rapidly, 
deteriorates by carbonization due to the disruption. Benzol 
deteriorates very rapidly at first, and then becomes fairly constant. 
Filtration restores the initial disruptive strength, but the filtered 
material seems to deteriorate more rapidly than new material. 
This information indicates that. there is either an intermediate 
chemical state of the disintegrated product or an absorption. 


insulation, and to insure that each test was made in 
exactly the same manner. The rate of applying the 
voltage, which is all important in testing insulation, 
was made exactly the same for each test by using a 
motor operated rheostat. All 3000 breakdowns were 
taken in exactly the same manner as the first 500. 
Further details as to preparation of the sample, method 
of testing, development of curves, etc. will be found in 
the former paper. (loc cit.) 

The data taken on each sample is shown graphically 
in two ways: (1) (a) The actual breakdown voltage 
in succession, (b) the average breakdown voltage, and 
(c) the per cent variation from the mean are plotted as 
ordinates against the number of the breakdowns as 
abscissas. (2) The per cent of the total number of 
breakdowns is plotted as ordinate against the per cent 
variation from the mean as abscissa. Each graph of 
this second group is a probability curve and was cal- 
culated from the data by the >A method?. The 
condition of the six groups of tests follow: 

I. Five hundred breakdowns in oil between two 
one-cm. diameter spheres two mm. apart. 

II. Five hundred breakdowns in oil between two 
2.54-cm. diameter spheres 27 mm. apart. 

III. Five hundred breakdowns in oil between a 
needle and 2.54-cm. diameter spheres 2 mm. apart. 

IV. Five hundred breakdowns in commercial benzol 
between two one-cm. diameter spheres 2 mm. apart. 

V. Five hundred breakdowns in pure_ benzol 
between two one-cm. diameter spheres 2-mm. apart. 

VI. Five hundred breakdowns in air between two 
2.54-cm. diameter spheres one cm. apart. 

Figs. 1 to 3 show that the disruptive strength of oil 
is not constant and uniform, but varies in successive 
tests under identically the same conditions, over a wide 
range and in an entirely erratic manner. Comparison 
with Fig. 6, the air curve, shows that the variations 
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between successive tests in oil are many times greater 
than the possible accuracy of breakdown tests in air, 
and that the cause of the variation therefore must be 
inherent to the material, the oil. 

Comparison of the three oil curves in Figs. 1, 2, 3 
and 7 shows that there is little difference between them. 
In other words, the erratic behavior of oil is not the 
result of the particular shape or size of the electro- 


PERCENT OF TOTAL NUMBER OF BREAKDOWNS 
S 


vA 


Wa 


: AS EE 
reed HH 
0 mA 

+40 +30 +20 +10 SS a -40 


PER CENT VARIATION FROM. THE MEAN 


Fie. 7—Unirormity oF Dielectric STRENGTH 


On the horizontal] or x-axis is plotted the average per cent variation of the 
500 breakdowns from their mean for each group. On the vertical or 
y axis is plotted the per cent of the total number of breakdowns. These 
six curves were plotted from the probability curves given mathematically 
below. The equations were determined from the test results. From the 
equations two of the curves are seen to have their peaks a little to the right 
of zero per cent variation. When reduced to a percentage basis and plotting 
as above, these curves were shifted back to zero for the sake of clearness. 
Each curve being an exponential continues on to infinity at each side but 
it is considered to represent the data in question only when the ordinate is 
more than one-tenth of the maximum ordinate or peak. This assumed 
range of limit of the probability law is marked on each of the curves by 
circles. Comparing the curves at these points it is seen that the air tests 
show variations from the mean no greater than 4 per cent, while the oil 
tests for instance show as much as 24 per cent variation. The equations 
follow: 

crak I 

Il —y = 20.7 «0.006 x2 
Ill —y = 27.2 €-0.0055 (x—4)2 
V —y = 60.8 €-0.0536 x2 

“ VI —y = 123 «0.232 x2 


—y = 22.4 «0051 (x-3)2 


static field. The per cent variation between successive 
tests is a little less in a large sphere gap, and a little 
greater in a sphere and needle gap, than in a small 
sphere gap, but the difference is small compared with 
the difference between oil and air gap. In our former 
paper the point was made that with spheres in oil the 
actual breakdowns at the higher voltage fell below the 
breakdowns to be expected by the law of probability, 
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possibly due to the approach to a true dielectric strength 
of the oil. The large sphere gap showed the same 
characteristics, while the sphere and needle gap gave 
a curve which was symmetrical on both sides of the 
mean, that is, apparently did not show this effect. 

Examination of the two benzol curves, in Figs. 4, 5 
and 7, shows that the variation between successive 
breakdown tests in benzol are materially less than in 
oil, especially so with chemically pure benzol, but never- 
theless are still much greater than with air. Benzol 
therefore is intermediate in the uniformity of disruptive 
tests, between air and oil. Possibly this is due to the 
more uniform chemical constitution of benzol compared 
with oil. 

Comparison of the two benzol curves shows that the 
uniformity of breakdown is greatly increased by the 
increased purity of the material. This suggests that 
the erratic behavior of oil may be due to the complexity 
of its chemical and physical structure. 

The benzol curves were found to follow the law of 
probability both above and below the mean breakdown 
without showing any of the unsymmetry given by 
spheres in oil. With the same amount of energy back 
of the discharge the benzol seemed to carbonize much 
more rapidly than transil oil. Before testing, the 
benzol was, of course, transparent and colorless. After 
only 20 breakdowns it was opaque and black. Fig. 5 
shows that during the first 50 breakdowns the dielectric 
strength decreased very greatly due to carbonization, 
and fell to less than half the initial value. After this 
however, additional carbonization of the benzol caused 
only gradual deterioration, no more than that of oil 
and the dielectric strength of the benzol containing 
colloidal carbon had become approximately constant. 
Fig. 4 shows that after refiltering, the benzol seemed to 
deteriorate slightly faster than at the beginning of the 
test. 

The 500 breakdowns in air are seen to be much more 
consistent than even the benzol tests. As air itself 
is considered to have a definite and uniform dielectric 
strength these tests prove that the erratic behavior 
of the oil and even of the benzol greatly exceeds that 
which might be caused by the methods of testing, 
errors of observation, etc. That is, the comparative 
non-uniformity of the oil and benzol must be due to 
some inherent characteristics of the materials them- 
selves. 

On the probability curves of Fig. 7, the points where 
the probability has dropped to one-tenth its maximum 
value, have been marked by circles. While of course 
each probability curve as exponential extends to infinity 
most of the observed breakdown values are contained 
within the range of voltage between the maximum 
probability and the one-tenth value, and the width 
of the probability curve between the two circles of one 
tenth value thus offers the means of characterizing and 
comparing the different curves, with regards to their 
scattering of the breakdown values. Thus we get the 
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following table, showing the range of the voltages over 
which the breakdown tests are scattered, in per cent 
of the mean value: 


TABLE I 

Percentage range of breakdown voltage, from mean: 
Air... ee it 

Chanioally pure aieer Fat ate a ee ae 


Commercial hbenzol ee: Se Sea 


+ 4 per cent 
+ 12 per cent 
+ 14 per cent 
+ 24 per cent 


Table II shows a tabulation of the average per cent 
error that might be expected for (1) a single test, 
(2) three tests, or (3) six tests on oil if the mean of 500 


TABLE II 
Long Short Needle 
sphere sphere sphere 
Air gap in oil | gap in oil | gap in oil 
Single Breakdown Test per cent | per cent | per cent 
Average C©rror.... 5)... 05s LAL et3 7.8 8.4 
Maximum @rror 5. ff. % since. 6.7 48.5 34.1 44.8 
Maximum error except 3 
readings sss..L. Cee .Bee4.. 4.0 Sia) 31.8 35.0 
Three Breakdown Tests 
AVerage CITOL so cucnw cee 0.8 5.2 4.9 4.9 
Maximum error..........-. 4.0 22.4 19.7 19.1 
Siz Breakdown Tests........ 
AVOVALE CLTOR.....5 os sietebsiesicies 0.6 CABS 3.5 4.1 
Maximum error............ 2.9 17.15 15.0 14.3 


successive breakdowns is taken as the correct dielectric 
strength and any variation from that as the error. 
It is seen that sphere-gap tests in air give an accuracy 
sufficient for their use for voltage determinations, 
especially when using the average of several observa- 
tions, but that to get consistent results in the commer- 
cial testing of oil a gap should be so designed as to 
inherently average as many breakdowns as possible. 


Discussion 


W. A. Del Mar: I would like to ask the author why the 
successive tests were made on the same sample of oil. We have 
done a good deal of oil testing, and have always taken the pre- 
caution to pick out fresh clear samples for the tests. JI am won- 
dering whether more uniform results would be obtained if a 
fresh sample of oil were used for each test, than if you used the 
same sample five hundred times? It would seem that the matter 
of the chemical decomposition of the oil would enter into the 
problem, and that has not been mentioned in the paper. 


E. D. Clarke: We have gone into the program of the testing 
of the variation and. the breakdown of samples of oil, which 
seemed to be good oil. Quite an extensive investigation of the 
subject, which began some time ago and I would like to know how 
to eliminate some of the variation. 

In this process we have raised the temperature of the quantity 
of oil to about 150 deg. fahr. gradually, and we have found that 
the oil. then behaves quite uniformly. 

Another thing is if the sample of oil be turned other side up, 
a few times, the values come out closely. 

As to the point Mr. Del Mar brought up in this discussion, 
we have made a test with different samples from the same cup, 
and there was a very considerable variation. 
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John B. Whitehead: I think that these curves show a 
very encouraging uniformity, notwithstanding the large value 
hat may be given to the extremes of variation; the authors have 
rendered a very material service in taking this large number of 
observations. It brings us to a point where it is possible, to 
specify the properties of oil in terms of a definite figure, and a 
maximum permissible deviation. 

I think there will be little dissent from the conelusions of the 
authors that the irregularities are inherent in the structure of 
the material itself. When Mr. Hayden presented his last paper 
on the breakdown of oil, I ventured to ask a question, I believe 
he has not answered. It was whether he had tried corona as it 
appears on a round conductor as an indication of the dielectric 
strength of oil. It seems to me that the use of corona in such a 
connection might possibly automatically smooth out some of the 
variations that appear in these curves. I believe that using 
corona, individual breakdowns pertaining to local irregularities 
in the oil, might tend to extend themselves so as to produce an 
average condition for the whole of the conductor and so result 
in a smoother curve. 


W. D. A. Peaslee: 
or 20 mm.? 


Mr. Hayden: Two mm. 


Mr. Peaslee: In the table it reads two. I was wondering 
which one is correct, because giving the figures for both in 
millimeters is a startling comparison as to dielectric strength 
between commercial and pure benzol. It must be two. 


Mr. Hayden: Two is right. 


Mr. Peaslee: Were any experiments made with the heavier 
oil, not filtered during the process, as to whether any different 
result was shown than in the benzol curves. In the commercial 
benzol, after a considerable period of tests, the benzol was 
filtered, and the impurities precipitated by the disruptive dis- 
charge removed. 

If that were tried, I believe, with Dr. Whitehead that this 
investigation is better than it looks, and that the extreme varia- 
tions are not of such moment. This testing of oil is one of the 
most important things we have before us today in eable insula- 
tion and all other kinds of insulation. It seems to me that some 
of the results were tied up with the mobility of the three factors 
in the solution. 

I would like to see some further work done on the filtering 
of the oil at different periods, to see if there is a section at which 
the rate of depreciation approaches the pure benzol curve, and 
in that case you will find, after the first 100 breakdowns, you are 
producing a constancy equal to that of air. 


O. D. Wood: Designers have long realized the possibility 
of considerable variation in free oil spaces. For this reason, it 
has been the practise for years in transformers to break up with 
insulating barriers the oil duets separating energized parts. 

Solid insulation is not good when used alone, but oil separated 
by solid insulation in proper proportion gives the best cooling 
and breaks continuous paths, which may exist with free oil 
ducts or solid insulation. 


The proper breaking up of the oil ducts with barriers tends to 
neutralize any unstable conditions that may exist in the oil. 
This is borne out by actual tests, an example of such tests made 
with oil spaces properly separated by barriers may be of interest. 
Free oil was separated by one, two and three insulating barriers. 
Tests were made with the barriers adjacent to each other, and 
alternating with oil spaces. The results obtained indicated a 
maximum variation of less than 10 per cent above and below the 
average value. 

It is of interest to point out here, that Atioieh under certain 
conditions the dielectric strength of oil may vary over a very 
great range, in practise it has been made the most useful soe? 
reliable insulating material that is available. © 


In Fig. 5 is the spacing of the spheres 2 
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J. E. Shrader: In air electrical discharges take place much 
more uniformly than in oil. The reason for this, no doubt, is 
the greater homogeneity in air than in oil. Then in studying 
the breakdown in oils one should examine it for non-homogeneity. 
I think that the most of us who have studied oils for their elec- 
trical properties recognize the fact that most of the non-homo- 
geneity in oils is due to moisture. One speaker has stated that 
at elevated temperatures uniformity of breakdown is much 
greater. This is due to the fact that upon heating, moisture 
is removed and the oil becomes more homogeneous and not only 
is there greater uniformity of breakdown but breakdown occurs 
at higher voltages. Another cause of non-homogeneity is the 
presence of foreign materials such as lint and dust particles. 
The presence of these materials is deleterious the more because 
they take up moisture which may thus be concentrated in the 
strongest part of the electrical field, thus lowering the breakdown 
voltage. Barriers in electrical apparatus are of benefit because 
they prevent the lining up of these moisture laden particles. 

In making successive tests upon a sample of oil the character 
of the sample is altered. By each breakdown moisture and 
impurities are removed so that at each successive breakdown we 
have a different set of conditions. Hence to get any real com- 
parison of breakdown voltages each shot should be made upon 
a new sample of the original oil. 

F. W. Peek, Jr.: The investigation of Messrs. Hayden and 
Eddy is very interesting in that a great number of consecutive 
points were taken and that all points were recorded. In a 
theoretical investigation of this nature it is desirable to use 
electrodes for which the stresses can be calculated. For this 
reason the sphere gap was used. With the electrodes and spac- 
ings used in practise the variation is decidedly less. However, 
the interesting fact is not the extent of the variation but that 
there is a variation and that it follows the probability curve. 

It means that from time to time a chance variation occurs in 
the oil between the gaps which affects the dielectric strength. 
This variation, whether it is due to gas, or to the lining up of 
particles, has a considerable range. These tests, therefore, 
confirm, theoretically, the long established practise of using 
barriers. 

C. P. Steinmetz: [had the advantage of seeing these results 
before their publication, and also of seeing a large number of other 
results which have not yet been published, and which, to my 
mind, seem to answer several of the questions raised. 

To begin with the question whether new samples should have 
been taken. I have seen a large number of tests made by using 
new samples for from 25 to 50 tests, and from the results, I have 
to agree with Mr. Hayden that it is impracticable to do so, 
because the successive samples of oil from the same supply vary 
so much that constant or consistent results ean be derived by 
using one sample only, but such a very large sample, several 
thousand cubic centimeters, that the individual breakdowns do 
not appreciably affect the oil. In these tests given here in.the 
paper, I understand, Mr. Hayden took averages at every 50 
successive breakdowns. These showed that for the first two 
hundred or three hundred tests there is no appreciable deteriora- 
tion, but the breakdown voltage remains the same and only after 
that number of tests does the oil deteriorate. 

Now, as to the different kinds of oil: I have seen tests of 
different kinds of oil, heavy oil and light oil, and water-white oil, 
but there was no appreciable difference in the nature of the 
tests. 

The first thing that presents itself as possible cause of the 
erratic performance of oil, naturally, is occluded moisture. 
I have seen a number of tests made to find whether the moisture 
has anything to do with it. For instance, a sample of oil was 
taken and heated several times and the oil was then filtered by 
passing it through a large number of layers of hot filter paper, 
and then it was atomized into a high vacuum, and allowed to 
settle there, where certainly all occluded air and moisture was 
evaporated, and then allowed to settle under the exclusion of 
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air for several weeks, and then it was tested again in the same way 
as oil taken straight from the barrel, but it did not show any 
materially higher nor more constant breakdown voltage. 

A very curious result is shown by the curve of pure benzol. 
If you notice, there is a quite rapid deterioration during the first 
readings, and then it comes almost to a stand still, and the 
deterioration is less rapid. Now, benzol deteriorates very much 
more rapidly than oil, and while it started perfectly transparent, 
after fifty tests, it was entirely opaque, but it had become more 
constant, and a very highly carbonized black benzol was more 
uniform than the pure benzol. The curve of commercial benzol 
shows the same. After it was filtered, and a few hundred read- 
ings had been taken, the first part showed greater variability 
than after it became black. It is rather curious, and seems to 
show after you get it deteriorated and blackened, it becomes 
more constant again. 

F. B. Silsbee: Some time ago I had oceasion to participate 
in some tests of transformer oil for the American Society for 
Testing Materials! in which some 2000 breakdowns were in- 
volved. These were, however, distributed over a number of 
different conditions and consequently do not closely parallel 
the present work. It is interesting to note that the average 
deviation of 1 shot from the mean of a group of 50, as estimated 
from this A. S. T. M. data, comes out as 9 per cent which is in 
fair agreement with the present results. The earlier data also 
indicated, though much less emphatically, the astonishingly 
slight effect of the carbon formation on the breakdown voltage 
of oil. 

One feature of interest in the present paper is the fact that 
in Figs. 1 to 4 inclusive there appear occasional very low points 
while there is an absence of corresponding occasional high points. 
This would presumably cause the frequency curves of Fig. 7 
to be somewhat skewed as shown in the earlier paper by the same 
authors. It is is to be regretted that the experimental points 
are not shown on the curves of Fig. 7. Is it not probable that 
these low points are the result of a lining up of bits of impurity 
so as to make abnormally long weak spots in the dielectric much 
as suggested by Hirobe, Ogawa and Kubo?? These low points 
are strikingly absent in the case of pure benzol and air. 

W. B. Buchanan: In his preliminary paper Mr. Hayden 
says that the discharge current was limited by the use of resist- 
ance in the low-tension circuit so that carbonization would be 
reduced to a minimum. Another important point is the length 
of time the are is allowed to persist after each breakdown and 
as the method of controlling this is not stated, the system used 
in the Laboratories of the Hydroelectric Power Commission may 
be of value. 

Our regular testing equipment is provided with an overload 
relay in the primary circuit thus opening the circuit much more 
quickly than can be done by hand. The relay does not operate 
on incipient sparking such as occurs when fine dust, ete. is present 
but can be depended on to open the circuit promptly as soon as 
actual break down value of the oil itself is reached. The volt- 
age control is obtained from a motor-driven potentiometer 
rheostat, one coil closing the circuit automatically at zero volt- 
age, another opening it on puncture of the oil. With this 
equipment we believe our oil test results are more reliable than 
is normally obtained by hand control and from a mental sum- 
mary of the results obtained the writer would say that good oil 
which has been in service for some time and well taken care of 
may show a peak on the probability curve of the test results 
which would be comparable with that shown by Mr. Hayden 
for air. On the other hand new oil is nearly always more erratic 
and quite frequently the breakdown value as shown by the meter 
does not tell the complete story. Deductions may be made 
sometimes by noting the behavior of the oil itself under stress 


1. Report of Committee D-9, A. 8S. T. M. on Electric Insulating 
Material—June 1921. : 

2. Hirobe, T., Ogawa, W., and Kubo, S. Report No. 25, Electro» 
technical Lab., Tokyo, Japan. f 
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previous to breakdown as to whether the possibility of improving 
the oil: by further filtration is promising or otherwise. 

W.S. Flight: 

1. General: 

This investigation me shown (a) That provided reasonable 
precautions are taken in determining the breakdown voltage 
of air fairly consistent results may be obtained. (b) When 
determining the breakdown voltage of certain liquid dielectrics 
it is impossible to obtain anything like as consistent results as 
with air. 

It. would appear that from Hayden and Eddy’s investigations 
and also-from other published data’, that the- mechanism of 
breakdown of liquid dielectries (particularly. that of oil of com- 
saa purity) is different from that of gaseous. eS 

~Lheory of Breakdown of Oil: 

wrens an examination of the present available iil relating 
to the eleetrie strength of.oil it would appear thatzeil of commer- 
cial purity. may breakdown in two different. :.ways:).(a) When 
Tested between Point Electrodes: by actual punéturé.through the 
dielectric inca similar.manner to gaseous dieleetries: the action 
of the electrié: field béing rather to repel tham to attract any 
impurity: intothe gap. (b) When Tested between Sphere Elec- 
trodes: by thelining up of impurities which either shorten or 
entirely bridge across the gap. (ce) When tested between Disk 
Electrodes: by a combination of methods (a) and (b). 

(30° :Haperimental Evidence in Support of the above Theory: 
‘nda)er Breakdown of Oil between Point Electrodes: (i) Results 
reported by the Electrical Research Assn. The data given in 
Table I below have been abstracted from Table I on page 702 of 
the Electrician”? for December 2, 1921. 


TABLE I 


1% in. sphere gap Point gap 


Investigator 15 mils apart 15 mils apart 
Digby: & Melis. s.s:4 fea eae oes 11.5 kv. 17.5 kv. 
WV GROG bias. & ojo Ssgs.- jad rae ahs eet es 20'.0 22) 0s ae 
15 ROE Yo Sai We sesh dele 64.0 “ 22.0: >." 
HirGbese. essen Oe eee 92.0“ 15-00" 


These tests on oils containing different quantities of impurities 
as well indicated by the sphere gap tests, showed that thé results 
obtained with poit gaps were practically uninfluenced by the 
impurities in the oil. (ji) Results reported by Dr. Hirobe: 
In report No: 25 of the Third Section of the Electrotechnical 
Laboratory of Tokyo, Dr. T. Hirobe gives a curve showing the 
relationship between the moisture content and the breakdown 
voltage of fibre-free oil tested between point and disk. During 
these tests it was found that for a considerable range the break- 
down voltage increased with increase in the moisture content. 
An indication of the numerical value of this increase can be 
obtained from the result given in Table II below. 


_ TABLE II : 
Effect of Moisture Content of Oil on the B. D. V. of Fibre-Free O#}, 
when tested in a 300-mil gap between a point and a disk 


Percentage 
increase in 
B. D. V. over 
Percentage of | B. D. V. at air \that of moisture 
moisture in oil temperature free oil 
Nil 21 kv. Nil 
0.004 ZB ys” 19 
0.008 By, a” 76 
0.012 45 “ 114 
0.020 1 149 
0.028 Betis 149 


The increase in B. D. V. with increase in moisture content is 
explained by Dr. Hirobe to be probably due to the following: 
(a) That with pointed electrodes the electrie field is not uniform 
and consequently the moisture cannot line up between the elee- 
trodes and form conducting chains. (b) That particles of water 
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collect around the electrodes and by changing the shape or area 
of the point so reduce the maximum voltage gradient between the 
electrodes. 

(b) Breakdown of Oil between Sphere Blectrodes: (i) Results 
Reported by Dr. Hirobe: In the same reference as given in (a), 
(ii), Dr. Hirobe shows a corresponding curve obtained with the 
same oil but with 14% in. sphere electrodes and a gap of 150 
mils. Both with fibre-free oil and oil containing fibres the elec- 
trie strength was found to decrease with ineréase in moisture 
as shown in Table ITI. 


TABLE III 


Effect of Moisture Content of Oil on the B. D. V. of Fibre-Free Oil 
and Oil Containing Fibres, when Tested in a 150-mil gap between 
¥% in. diameter spheres. 


Percentage decrease in 
B. D. V. over that of 
B. D. V. at air Temp. moisture free oil 
Percentage of 
moisture in oil No fibres With fibres No fibres With fibres 
Nil 90 kv. 35, ky: Nil Nil 
0.004 1 ae 20 2 21.0 43.0 
0.008 66 WEF. 26.6 53.0 
0.012 64.-= 16 4 29.0 54.0 
0.020 62a L5:5,4 5 31.0 55.8 
0.028 Gils = 15.5) 9 32.4 55.8 


The fact that the presence of fibres causes, with a definite 
moisture content, a greater falling off of electric strength than 
when the fibres are not present, is attributed by Dr. Hirobe to 
the following: With sphere electrodes and a comparatively short 
gap the electric field is fairly uniform, and when fibres were 
present in the oil these were observed to line up across the gap, 
and if of lower electric strength than the oil itself, breakdown 
took place at a lower voltage. When water was introduced 
into the oil a small percentage was apparently dissolved in the 
oil and caused a certain decrease in the electric strength. The 
greater part of the moisture however, was held in suspension 
in the form of minute spheres, which, due to their high surface 
tension, were not distorted by the electric field and so eould not 
of themselves form conducting chains across the gap. When 
fibres were present in the gap, the water was absorbed by the 
fibres, which on bridging across the gap thereby produced a 
greater falling off of the breakdown voltage. 

4. Tests on Oil of Lower Purity. 

In attempting to apply the theories outlined in Section 2 above 
to explain the results reported by Messrs. Hayden & Eddy, it 
must be remembered that as these investigators’ oil was first 
rendered as free as possible from moisture and other impurities 
the electric strength was considerably higher than oil of commer- 
cial purity. For example the average breakdown voltage of the 
oil when tested between 1-em. spheres and with a 2-mm. gap was 
55 kv. whilst the American practise in industrial work is to 
accept oils which have a breakdown voltage of 22 kv. when 
tested between 1 in. diameter disks and a 0.10-in. gap, and the 
British practise is to accept oils having a breakdown voltage of 
22 kv. when tested between 14 in. diameter spheres and a 0.15- 
in. gap. It is probable that with oils of commercial purity 
distinetly different results may be obtained, and it would appear 
well worth while to extend this investigation to cover oils of 
lower purity. 

With the latter it is probable that considerably more erratic 
results would be obtained male the electrodes consist of a sphere, 


3. See the following: 

(a) Electrical Insulating Properties of ibrintlc Oil, by Dr. T. 
Hirobe. Report No. 25 of Elec. Tech. Laboratories Tokyo, 
Japan. 

(b) Effect of fibre on the electric strength of insulating oil, by Ta 
McLaughlin; Electrician. 

(c) Research on Insulating Oils by the Electrical Research Associa- 
tion, Electrician, December 2nd, 1921, . ‘ 
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and more uniform results when the electrodes consist of a point 
and a sphere. 

It is interesting to note that even with the comparatively 
pure oil employed by Hayden and Eddy it was observed that the 
point electrodes gave the most consistent results, and also that 
with the point electrodes the curves between the percentage 
variation from the mean and the percentage of the total number 
of breakdowns was symmetrical on both sides of the mean. 

5. Effect of Viscosity: 

If, during the determination of the electric strength of liquid 
dielectrics the conditions are such that breakdown takes place 
due to lining up of impurities, the freedom with which these 
impurities can move about in the oil should have an effect upon 
the breakdown voltage. 


Reducing the viscosity of a liquid dieleetrie may affect the 
breakdown voltage by (a) Inereasing the ease with which the 
impurities can line up. (b) Increasing the velocity of the cir- 
culating currents in the oil which are set-up by the electrostatic 
stress on the liquid adjacent to the electrodes: 


The writer has shown elsewhere* that decrease in viscosity 
may under certain conditions cause an increase and under other 
conditions a decrease in the breakdown voltage of a liquid di- 
electric. It is possible that the more consistent results obtained 
with benzol may be due to the fact that this liquid had a lower 
viscosity than the oil employed. To study the effect which 
viscosity may have in this connection, it would be interesting 
to have similar data to that obtained by Hayden and Eddy on 
transil oil at, say 90 deg. cent. 

W.N. Eddy: A_-large majority of the questions brought up 
in the discussions is very well answered in the discussion of 
Dr. Steinmetz. 


We understand Mr. Buchanan to say he has obtained break- 
down data on oil that are no more erratic than our data on air. 
We must admit that we are inclined to question the testing meth- 
ods giving such radical results. After examining the rather brief 
déscription of his testing methods we believe we at one time 
tried out a similar scheme and discarded it as being too insensitive. 

Mr. Flight suggests that the difference shown between oil and 
benzol might be due to the difference in viscosity, and that this 
could be brought out by taking similar data on oil at 90 deg. cent. 


4. See Spark Over Voltage Through Oil, Beama Journal, Feb.-March, 
1922, 


HAYDEN AND EDDY: DIELECTRIC STRENGTH OF OIL 


401 


_We have taken several similar sets of data on both the same and 


much lighter oil at 100 deg. cent. and the results while possibly 
a trifle more consistent than our published oil data were in no 
way comparable with those on benzol. 


J. L. R. Hayden: Answering some of the questions which 
have not yet been answered, we wish to say: 

We have made tests of oil at different temperatures, up to 
110 deg. cent. but have found no material difference in the lack 
of uniformity of successive tests. Neither did we find any 
material increase of uniformity by removing the moisture by 
heat and high vacuum. 

We have made a number of successive tests on oil without 
previous filtering, and after filtering; we have made tests on the 
oil carbonized by a large number of disruptive tests, and on the 
latter oil after filtering off the carbon, but have found no material 
difference in the erratic variation of successive tests, though the 
average value of the breakdown strength was increased by filter- 
ing, and lowered by carbonization by previous tests. It there- 
fore seems that the lack of uniformity is inherent in the oil as such. 

We have not yet made any extensive tests on corona effects 
in oil, but our experience thus far is that there is no real corona 
formation in oil, but the appearance of visual corona is coinci- 
dent with dissociation and gas formation, and what corona ap- 
pears, is in the gas bubbles, but not in the oil. When this occurs, 
the results become still more erratic, as may be expected from 
the formation of gas in the discharge gap: . ; 

As regards to the lengthy discussion by Mr. W. S. Flight, while 
we do not agree with all his conclusions on the mechanism of 
breakdown, we came to the conclusion that the breakdown of 
oil between needle points is different from that between spheres. 
But this conclusion is not new but had been reached by Mr. A. B. 
Hendricks of Pittsfield, in an extended investigation on oil made 
some years ago, which led to the development of the present disk 
gap, standardized now for commercial oil testing. Mr. Hen- 
dricks found that the indications of the quality of oil by the point 
or edge gap do not parallel those of the sphere gap, but sometimes 
the point gap shows variations in quality better, sometimes the 
sphere gap. Neither gap therefore is most satisfactory for all 
conditions. This has led him to the development of the present 
disk gap for commercial testing, as a combination of a uniform 
field, between the flat disks, analogous to the sphere gap, and a 
point or rather edge gap, between the edges of the disks, showing 
the character of the point gap. 
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Review of the Subject.—In electric circuits of all sorts, 
power is transmitted principally by metallic conductors. In order 
to control the flow of power, or to convert it from one form to another, 
the constants of the circuits are varted. The connections of the 
metallic conductors may be altered for this purpose; but on high 
potentials this operation is attended with difficulty. The rapidity 
and ease of control are also limited. 

For this reason there has been a tendency, in recent years, toward 
the increased use of control devices employing non-metallic conduc- 
tion and these are now being rapidly brought to the fore. As 
examples we have the very versatile thermionic tube and the mercury 
are rectifier. The former has received particular attention of late. 

Devices employing conduction by gaseous ions have been handi- 
capped in this general evolution by three main disabilities: the 
first being the difficulty of placing the discharge where wanted, the 
second, the tendency of the working gas to disappear, and the third, 
decidedly erratic action. These disabilities have recently been to a 
large extent removed by the advent of a principle called the “short 
path principle’, by which discharge can be prevented except where 
wanted. This has also led to long life, for by placing the discharge 
in proximity only to certain porous materials, gaseous clean-up 
and disintegration are both prevented. With this change, uniformity 
of action also appears. 


By utilizing this principle, gaseous conduction devices may be 
designed, for example, as rectifiers. Two examples are described, 
the first obtaining unilateral characteristics by the use of a mag- 
netic field, and the second by the use of a space charge. 

The present models, as described are capable of handling only 
small amounts of power; but there is no inherent limitation in this 
direction. The usual conditions of cost, reliability, life and so on 
will determine development for higher powers. 

It is impossible to predict at present the particular portions of 
the electrical field in which this device in its various forms will find 
a use. The authors believe, however, that engineers will find its 
possibilities of interest. 
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I. CLASSIFICATLON 


HERE isa very noticeable tendency in present- 
‘} day electrical engineering toward the use of 
control devices which may be generally specified 
by stating that they involve non-metallic conduction. 
It is difficult to control the flow of current in a wire by 
any control device which does not actually separate 
the metallic circuit. A small amount of control can 
be obtained by magnetic fields, but this is entirely 
inadequate for most power purposes. On the other 
hand, the flow of current through devices which in- 
volve other types of conduction may be much more 
readily controlled by external means. This gives rise 
to a host of devices, for the control of current makes 
possible the construction of rectifiers, amplifiers, and 
the like. 

In present-day power engineering there is great 
need for better rectifiers for railway work and so forth, 
and for better control devices for handling in reasonable 
space the large voltages and currents necessary in 
extensive power systems. Undoubtedly the next few 
years will see a rapid development of devices for these 
purposes. The probability is that much of this 
development will occur along the lines of non-metallic 
control. 

Devices which utilize non-metallic conduction may 
be readily classified according to the nature of the 
carriers of electricity which are employed. 

1. Devices employing ions in a liquid or semi-solid: 
Insulators which become conducting because of high 


Presented at the Annual Convention of the A. I. E. E., 
Niagara Falls, Ont., June 26-30, 1922. 


temperature and electrolytes in general invelve this 
type of conduction. Such conduction is always 
accompanied by chemical action. No devices involv- 
ing this type of conduction have become commercially 
important as rectifiers or the like. The aluminum 
lightning arrester is an example of a protective device 
operating on this basis. 

2. The simplest type from a theoretical standpoint 
is that in which electrons only are used. The device 
then consists of a container exhausted to a hard vacuum, 
with two or more electrodes, one of which is a source 
of .electrons. Such a. device is the thermionic tube, 
the most important single piece of apparatus which 
has appeared in electrical engineering in twenty years. 
In addition to the thermionic tube, various other 
similar arrangements have been suggested in which 
the supply of electrons is obtained without utilizing an 
incandescent member, as for instance by the use of 
the photo-electric effect. None of these latter are 
at present commercial. 

Devices under this classification are characterized 
by somewhat severe current limitations. The internal 
drop is very variable, and is determined by space charge 
effects. They are capable of operating at very high 
potentials. 

83. Devices employing electrons, and gaseous ions: 

(a) Under this heading we have first the device 
which employs a hot filament in a gas-filled receptacle. 
Such for instance is the Tungar rectifier. This device 
conducts relatively large currents, for it employs 
gaseous conduction as well as conduction by means 
of the primary electrons evaporated from the filament. 
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t is, however, unable to -withstand large reverse 
potentials. 

(b) Under this heading there have been second 
many devices in which the supply of electrons is ob- 
tained in other ways than by heating a filament. . The 
principal way is to remove them from a cold metal 
electrode by positive ion bombardment. The old 
“Geissler” tube operates in this manner. So also does 
the gaseous X-ray tube. Such devices offer great 
possibilities, but have not heretofore become important 
commercially as control devices on account of difficulties 
which will be treated below. Under this heading comes 
the device which is the subject of the present paper, 
and this class will be further analyzed. 

4. There are also devices in which the carriers are 
electrons, gaseous ions and charged metallic vapor. 
This includes all sorts of ares. The mercury arc rec- 
tifier comes under this heading; and as an example of 
its use as a control device, the Vreeland oscillator. 

This type of conduction is accompanied by rapid 
vaporization of the electrodes. The part played by 
the vapor in the conduction is still a matter of doubt. 
The material of the electrodes is transferred and lost, 
so that it must be continually replaced. In mercury 
are devices this replacement is made automatic. 
Devices of this type are characterized by low internal 
drop, and the current capacity limited only by the 
cooling means employed. In voltage they are limited 
to that potential which will cause ionization of the 
working gas and conduction from the cold electrode. 


II. ANALYSIS OF TYPE 3 (b) 


The type of device employing electrons and gaseous 
ionsin which the electrons are obtained by bombardment, 
has many desirable features. First, the current which 
can be passed through such a device is limited only 
by the capacity of the cooling means employed to 
dissipate heat. For short intervals there is hence 
practically no upper limit to the amount of current 
which can be passed between the electrodes. This 
is in contrast to the thermionic device, in which the 
upper limit of current is dependent upon the number 
of electrons which can be evaporated from a filament. 
In this respect the gaseous conduction device and the 
are are similar. 

Second, there is not necessarily involved any part at 
very high temperature. This greatly simplifies design 
and removes one limitation to the life of the device. 

' There is no inherent reason that disintegration of 
electrodes should accompany gaseous conduction proper. 
Where disintegration enters in such a device it is inci- 
dental and avoidable; for the operation does not de- 
pend upon and is not necessarily accompanied by dis- 
integration. This feature is in direct contrast to both 
the thermionic tube and the are. In the former the 
filament, in order to emit electrons copiously must 
unavoidably operate at such temperature that mole- 
cules of the material of the filament also evaporate 
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to some extent. The filament life is thus directly 
connected with the quantity of electricity passed through 
the tube. In the are the wasting of the electrodes is 
also intimately involved in the mechanism of conduc- 
tion, and is here much more rapid; although it can be 
avoided in the mercury arc, and to a lesser extent in 
other are devices, by provision for replacement. 

On the other hand, gaseous conduction devices have 
always in the past been subject to very decided limi- 
tations. 

First, the voltage which could be employed has been 
limited by the gas pressure used. In this respect there 
has been for this type of unit, in common with the are 
a serious disadvantage as compared to the thermionic 
tube. The disadvantages ordinarily present in this 
class of device in general, and this disadvantage in 
particular, are treated in detail in this paper. 

Second, the internal drop is in general of necessity 
higher than in the are. A comparison of internal drop 
with that of the thermionic tube is hardly possible, 
for the gas tube involves a drop nearly independent 
of the current, while the exact opposite is true of the 
thermionic device. 

Third, gaseous conduction devices have been uni- 
formly erratic in action. The reason for this will be 
brought out below. On this account, knowledge of 
the theory of gaseous conduction has been delayed, 
and experimenters have been repelled from this field. 
The limitation is not inherent, but has always been 
present. 

Fourth, this class of apparatus has been liable to 
short. life on account of a change in the nature or 
pressure of the gas employed, or due to a variation 
in the electrode surface. This last disadvantage is 
decidedly avoidable, but it has been the principal 
obstacle in the past to development along these lines. 

This paper is devoted to the brief exposition of a 
development by which the disadvantages of this type 
of device have been largely overcome. By removing 
the difficulties, the way has been prepared for a number 
of applications of the principles of gaseous conduction. 
One of these applications is described sufficiently to 
render the use of the principles apparent. 


III. THE SHORT PATH IDEA 

The first limitation was in the working voltage (or 
the back voltage in a rectifier) which could be employed. 
In the ordinary gas tube this is limited to that voltage 
which will cause ionization of the gas and release of 
electrons from the electrodes by bombardment at times 
when the device should really be insulating. There 
has been recently developed a principle which allows of 
the use with the gas conduction tube of voltages far in 
excess of this limit. 

This principle is properly called the “short path 
principle”. It is the outgrowth and extension of an 
observation which has long been noted. by physicists. 
It allows of the use of high back-voltages by not giving 
them opportunity to produce ionization. 
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It has long been known that if two electrodes are 
situated in a gas of a pressure such that their distance 
apart is comparable with the mean free path of an 
electron in the gas, a discharge will pass between them 
by long paths in preference to shorter ones. If two 
electrodes are spaced close together in a large bulb in a 
properly attenuated gas, the discharge between them 
will prefer the long path from the back of one electrode 
clear around to the back of the other, the short direct 
path remaining dark. It has not been generally 
recognized how strong is this preference, or that it 
could be utilized to advantage. The short path idea 
extends this principle by suppressing the long path 
entirely. If we so construct the device that all paths 
between the electrodes available for discharge are short, 
the device will stand large voltages and carry prac- 
tically no current. All paths may be rendered short, 
as above defined, either by placing the electrodes close 
together or by placing obstructions in the way of the 
discharge. The diagram of Fig. 1 will show one 
manner in which this can be accomplished. It will 
be noted in this diagram that, if the electrostatic 
field between the electrodes be mapped out, all lines 
of electrostatic force are either short or are inter- 
rupted by the glass of the containing tube in such 
manner that the path available for discharge is short. 
When a potential is applied to such a device, there is 
no conduction even far above the potential at which 
the device would break downif the electrodes were widely 
separated, or the gas pressure high. As an illustra- 
tion of this statement, a device constructed as above 
with clean electrodes and pure gas, with a spacing 
of one millimeter and a pressure of two millimeters of 
helium, will withstand continuously 10,000 volts and 
pass an amount of current which is hardly measurable. 
With the electrodes several centimeters apart, this 
same tube would have broken down at perhaps 300 
volts, and-at 500 volts applied would have carried 
several hundred amperes, if the external circuit would 
allow, and would probably have been destroyed. It 
should be noted carefully, however, that in order to 
render the unit thus insulating, under conditions where 
widely spaced electrodes would break down, it is nec- 
essary that all paths available for conduction be short. 

By properly utilizing this principle, the voltage 
limitation of the gaseous discharge type of conduction 
is largely removed. 


IV. First APPLICATION OF THE SHORT PATH IDEA 

The short path idea also removed the third limita- 
tion. It can render a gaseous conduction device stable 
and reproduceable instead of erratic in action. 

Gaseous conduction devices have in the past almost 
always been constructed in glass tubes and with the 
diffuse discharge intimately in contact with the glass. 
Such construction is sure to lead to erratic behavior. 
Due to the ionization, the glass is bound to accumulate 
charge, which will vary rapidly with the nature of the 
discharge, the temperature of the glass and a number 
of other factors. These charges vary the electrostatic 
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fields present, and modify the conduction in a sudden 
and arbitrary manner. Due to this factor alone, such 
devices have gained an undesirable reputation as 
regards unreliability of action. It is evident that in 
order to remove difficulty in this regard, the discharge 
must be confined to a part of the device remote from 
any insulator. 

This can now be accomplished. By the short path 
idea, ionization is prevented everywhere in the device 
except in one region where the paths are left long or are 
rendered so. This region is located far from any insu- 
lators. Charges therefore cannot accumulate. The 
resulting discharge is steady. 

One means of arranging matters is shown in Fig. 2. 
The tube here shown is similar to the insulating tube 
of Fig. 1, except that one of the electrodes is made 
hollow and a central opening to this hollow space is 
provided. Between the electrodes in the center there 
are hence long paths: So when a potential is applied, 
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a discharge can occur in this central region and nowhere 
else. Such a discharge is remote from the glass of the 
tube or from any other insulator. It is thus not affected 
by parasitic charges, and is steady in accordance with 
the circuit conditions. 

As an example of this steadiness may be mentioned a 
tube carefully constructed along the lines shown in 
Fig. 2. A current of about ten milliamperes was passed 
through this tube from a storage battery source. A 
pair of high-resistance telephones placed in series with 
the tube gave no sound. In fact the variations in cur- 
rent were amplified by a two-stage thermionic amplifier 
before becoming barely audible. This is in decided 
contrast to the result which would have been obtained 
had the electrodes been widely separated and the 
discharge in proximity to the glass walls. 

Nearly all of the study which has been made of the 
laws governing gaseous discharge has utilized glass- 
walled tubes with the discharge in proximity to the 
glass. To this fact may be attributed much of the 
present lack of complete knowledge of these laws. 


V. THE MAINTENANCE OF GAS PRESSURE 


The same control of the discharge which is used to 
render it stable may at the same time be used to’avoid 
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the last disadvantage mentioned in theanalysis. This 
limitation involved the disappearance of the working 

The variation in pressure which occurs in the usual 
gaseous conduction apparatus has long been a source of 
difficulty. It was one of the principal drawbacks of 
the gaseous X-ray tube; and it has to a large extent 
prevented the rapid development of gaseous discharge 
illumination. 


When a discharge is passed through the ordinary 
gaseous discharge tube, the nature and pressure of the 
gas continually change. Of course when the working 
gas is chemically active, the disappearance is readily 
accounted for. Even when using an inactive gas, such 
for instance as helium, a variation in pressure will 
oceur. There will, for one thing, be a variable amount 
of gas occluded on the walls of the container, but the 
change in pressure from this cause is small when any 
fair-sized amount of gas is present. In addition, how- 
ever, there is a continual and really serious disap- 
pearance of the gas due to another phenomenon entirely. 
In order to make a gaseous device of long life, this effect 
must be avoided. This disappearance is not due to 
chemical action, as it continues even when the working 
gas is chemically inactive. 


A study, made possible by short path control, has 
determined the action of this second cause of disap- 
pearance and has found a remedy. 

The action of clean-up of a working gas which is 
chemically inactive is usually accompanied by disinte- 
gration. In any case the presence of disintegration 
greatly increases the rapidity with which the working 
gas disappears. The amount of gas which can be 
removed from a vessel in this manner is truly surprising. 
By passing a discharge between aluminum electrodes 
in a half-liter vessel, for example, the gas pressure of 
helium has been reduced from seven millimeters to 
practically zero in a few hours’ time. In fact, quite a 
hard vacuum may with care be produced in this manner. 


Apparently gaseous discharge is accompanied by a 
penetration of the impacting positive ions into the 
cathode. The distance to which they can penetrate 
in this manner must be extremely small, under ordinary 
conditions of the order of magnitude of one-ten-thou- 
sandth of an inch. Yet very large volumes of gas 
may thus disappear. If we compute the gas pressure 
produced in this manner at the surface layer of the 
electrode material, it is found to be enormous. This 
possibly forces gas further into the interior of the metal 
progressively. It also resultsin minute explosions 
which project small particles of the metal from the 
electrode at high velocity. This is at least part of the 
mechanism of electrode disintegration. This disinte- 
gration is accompanied by gas disappearance. 

One or two observations will tend to throw light on 
the above statements. First, the gas which disappears 
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in this manner can be in great part recovered by heating 
the electrode material to near its fusing point, thus 
apparently offering the imprisoned gas opportunity to 
escape. The temperature necessary for recovery there- 
fore depends upon the material of the electrodes. This 
has been accomplished with several different materials. 

Another observation is more striking. A tube was 
constructed as shown in Fig. 3. In one electrode was 
located a small volume of pure tin. In fact the lower 
electrode, of iron, was coated all over inside with the 
tin. The discharge is confined by reason of the short 
path principle to such space that one electrode is in 
effect entirely of tin. The device was also constructed 
so that during discharge the surface of the tin could be 
observed by means of a low-power microscope. The 
tube was then operated at a current such that the elec- 
trodes became sufficiently warm to render the tin mol- 
ten. Under these conditions a very interesting pheno- 
menon was observed. Small bubbles appeared on the 
surface of the tin, gradually increased 
in size and finally burst. The bursting 
was accompanied by the projection of 
a small amount of metallic tin at fairly 
good velocity. Some of these bubbles 
were large enough to be observed with 
the naked eye, although their size de- 
pended naturally on the temperature 
and hence the viscosity of the tin. 
Moreover, it was observed that with 
the discharge thus confined to tin 
electrodes in this molten state, there 
was no change of the pressure of the 
working gas over long intervals of 
time of discharge. Intervals were 
studied of several thousand hours 
and with 100 or 200 milliamperes flowing. It 
thus becomes very apparent that disintegration and 
gaseous clean-up go together. Also that by proper 
construction, difficulties of this nature can be entirely 
avoided. 

As an additional method of attack, it has been noted 
that a discharge maintained in proximity to carbon, and 
to nothing else, will not result in a disappearance of 
the working gas, provided the carbon is of proper grade 
and the working gas is chemically inactive. This is 
also true of some other materials under definite limita- 
tion as to allowable voltage drop and so on. The 
use of carbon, however, will serve as an excellent 
example. Apparently carbon does not disintegrate 
appreciably under a discharge of reasonable voltage 
drop, for tubes with carbon electrodes operated over 
periods of several thousand hours showed no measure- 
able change in the carbon surface. This is due un- 
doubtedly to the porosity of the carbon, which pre- 
vents a gas pressure from accumulating. Carbon will 
not hold the working gas imprisoned. 

There is still room for a great deal of investigation 
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on the subject of gaseous clean-up. The above pro- 
cedure will enable us, though, to construct devices of 
this nature in which any limitation of life due to dis- 
integration, or loss of working gas, is entirely avoided 
as far as can be determined from tests extending over 
more than 6000 hours on two of the specific construc- 
tions outlined. 


VI. MAGNETICALLY CONTROLLED TUBES . 


By utilizing the above principles, we now have 
available a type of gaseous discharge device which is 
capable of withstanding a high voltage, which is stable 
in operation and which is of long life. There is im- 
mediately a large number of ways in which such a 
device may be controlled and utilized. One of these 
and its application will be described in the present 


paper. In a previous paper! has been described a 
different form, which need here only be mentioned. 

In the form of device described in the previous paper 
a construction is utilized such as is shown in Fig. 4. 
The electrodes consist of two concentric cylinders. 
The gas pressure employed is such that the distance 
apart of the cylinders is short compared to the mean 
free path of an electron in the gas. All paths between 
the electrodes are rendered short by the construction 
shown. Under these conditions the device insulates 
for a fairly high potential applied in either direction. 

Provision is made, however, for the introduction of a 
magnetic field which is nearly axial in the space between 
the electrodes. This is accomplished by means of a 
permanent magnet and pole pieces, as shown, whereby 
the field is conducted to the space where it is desired. 
Without the presence of the field, the flight of electrons 
between the cylinders is radial. By the action of the 
field, these paths are curved. A curved path between 
the cylinders is long compared to the direct radial path. 
Accordingly the device may be so arranged that, with 
the field present, the electron paths are long enough 
to cause cumulative ionization and consequent conduc- 
tion, whereas without the field we have complete insula- 
tion. 


1. Proceedings of Inst. of Radio Engineers, February, 1922. 
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Under these conditions the strength of field necessary 
for conduction with the inner cylinder ‘negative is 
greater than that for conduction with the outer cylinder 


negative. In fact, the ratio of the two critical fields is 
the same as the ratio of the cylinder diameters. This 
relation, which was first derived from the mathematics 
of the electron paths, has been checked by experiment. 
Accordingly, by utilizing a field strength intermediate 
between these two values, a device may be produced 
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which will conduct in one direction only; that is, a 
rectifier. — 3 reas : t 
Illustrations of a tube of this type are shown in Fig. 
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5 and Fig. 6. The magnet and pole pieces are removed 
in Fig. 6 in order to show the construction. It will be 
noted that the tube is made cartridge type, with 
ferrules to be inserted in clips similar to fuse clips. 


Certain quite important benefits as regards allowable 
voltage range and allowable variation of field strength 
may be obtained by arranging the magnetic field to be 
somewhat curved and of non-uniform strength. These 
matters need not be entered into at the present time. 


The above method of control, by means of a magnetic 
field may, of course, be used for other purposes than 
that of producing rectifiers. By utilizing a tube in 
which the design is adjusted to render it critical to 
field strength, an amplifier may be produced. Also, 
by any of the usual schemes of “coupling back,’ 
such an amplifier may be made to act as an oscillator. 

The magnetic type of tube is thus capable of a variety 
of uses. As a rectifier constructed with carbon elec- 
trodes of special composition and with one of the inactive 
gases, it has an internal drop of about 150 to 200 volts. 
The efficiency is therefore high on rectification of 
voltages of a few thousand. The current which can 
be passed through such a tube is limited only by the 
amount of heat which can be dissipated from the sur- 
face of the tube. Hence its power output is limited only 
by its design, and not by any inherent current or voltage 
limitations. 


VII. HOLLOW CATHODE TYPE OF RECTIFIER 


There are other types of control possible besides 
magnetic control. One of these is to use a space charge 
effect, the space charge being due principally to the 
positive ions. By the use of this principle, rectifiers 
may be produced which, while they do not have the 
versatility or all of the power possibilities of the ma- 
netically controlled tube, are yet preferable for some 
purposes on account of simplicity. 

A cross-sectional diagram of one such tube is shown 
in Fig. 7. It will be noted that the cathode consists of 
a hollow carbon cup. The anode consists of simply 
a carbon button placed directly in front of the hole 
in the cathode. By the use of shields, all paths 
between anode and cathode, except those through the 
hole, are rendered too short for conduction at the gas 
pressure used. There is no magnetic field, and no 
auxiliary control device of any sort. Only two connec- 
tions are made to the tube. 

The principle by which this device operates is some- 
somewhat involved. A brief outline only will be 
presented here. In general, it may be stated that the 
action depends upon the wide difference between the 
mobility of electrons and positive ions, and upon the 
accumulation of a positive space charge. 

When the device is conducting current, the space 
inside the cathode is filled with ionized gas, that is with 
a cloud of electrons and positive ions. It is due to the 
presence of these, and to their wandering toward the 
anode and cathode respectively, that conduction takes 
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At any given instant, however, there will be a 
very great preponderance of positive ions. This is due 
to the much greater mobility of the electron. The 
charges on electron and singly ionized positive ion are 
equal. Their masses are, however, in the ratio of one 
to several thousand, the exact’ ratio depending upon the 
nature of the gas used. Accordingly under a given 
applied potential gradient, the electrons as they are 
freed acquire velocity and move out of the field with 
much greater promtitude than the positive ions. The 
slow-moving, heavy ions are left behind. Accordingly 
we have ordinarily in gaseous conduction devices, dur- 
ing conduction, in the space between anode and cathode 
a positively charged cloud. 

Due to the form of the electrodes in the hollow 
cathode type of S-tube, the potential gradient in the 
hollow space inside the cathode is normally small. 
The cloud of positive ions is hence swept out of the 
field only slowly. Due to this fact the cloud is not 
cleaned up or discharged during the half-cycle in which 
no current flows through the device. If the electrodes 
were simply placed opposite each other, any cloud of 
positive ions would be completely removed during this 
inactive period if the potential difference between 
electrodes, which during this interval equals the back 
voltage on the rectifier, were high. The hollow con- 
struction prevents this from occurring, and the cloud 
of ions on which the operation of the device depends 
persists from cycle to cycle, when used at commercial 
or higher frequencies. 


Refer to the simplified diagram of Fig. 2 for conveni- 
ence. When the hollow electrode is negative, the tube 
conducts freely. Under these conditions positive ions 
are dropping from the cloud onto the fnterior surface 
of the hollow cathode, where they -liberate electrons. 
These electrons proceed toward the anode, and on their 
way ionize neutral gas molecules and form new positive 
ions, so that discharge is maintained. The original 
electrons and :those formed by ionization nearly all 
pass out sooner or later through the hole in the cathode, 
and thus reach the anode; whieh latter for this direc- 
tion of conduction is the solid electrode. This they 
can do rapidly and with facility on account of their 
great mobility, which allows them to attain speed 
quickly. Thus conduction in this direction occurs with 
facility. 

Consider now, however, that the potential is applied 
in the reverse direction, the solid electrode being now 
the cathode. Positive ions under this condition will 
wander out from the hollow space, through the hole, 
and impinge upon the solid cathode. Their progress 
for most of their journey is, however, painfully slow; 
for they are large and heavy and the gradient of the 
field up inside the cloud is extremely weak. Nearly 
all the potential drop, because of the geometrical con- 
struction and the space charge effect, occurs out in the 
region between the electrodes. Practically the only 
ions acted upon by the potential are those near the 
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exit. When an ion reaches here it speed up, drops into 
the cathode, and there may release an electron. This 
electron flies back into the cloud, and possibly produces 
ionization. The current that can pass is, however, 
limited to that produced by the number of ions arriving 
at the cathode; and this,.on account of the conditions, 
is very small for potential in this reverse direction. 


Fig. 8 


For potentials in the conducting direction, the cloud 
of ions forms practically an extension of the anode pro- 
jecting up into the hollow space inside the cathode. 
A large area is available, and a steep gradient, to’ pull 
ions over to the cathode and cause conduction. For a 
potential in the reverse direction, the cloud of ions 
serves again practically as an extension of the anode, in 
this case the hollow member, but now it acts effectively 
to plug up the hole in this electrode and render all 
possible paths for conduction substantially short. The 
area acting is small, and very few ions are pulled to the 
cathode to cause current. 


The ratio of currents for the same applied potential. 


in the two directions, when that potential is sufficient 
to cause conduction atall, ismuch greater in the working 
range than the ratio of the two cathode areas; the first 
being the inside area of the hollow electrode, and the 
second the projection of the hole onto the solid mem- 
ber. The ratio is much greater, for in one case con- 
ditions are correct for building up cumulative ioniza- 
tion and in the other case they are not. 

There are secondary additional actions going on, such 
as recombination etc., which complicate the analysis. 
For example, when the tube is first started, there is a 
transient period during which the cloud of ions is being 
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built up. The above does not pretend to be complete, 
nor entirely rigorous. It will, however, give some idea 
of how such a hollow cathode device, controlled by the 
presence of a space charge, utilizes the short path 
principle for rectification. ; 

Tubes constructed in accordance with this principle 
are shown in the illustrations Figs. 8 and 9, and in 
section in Fig. 7. These tubes are constructed for low- 
power service where simplicity and long life are essen 
tial requirements. All that is necessary in order. to 
connect them into circuit is to screw them into the 
ordinary lamp socket. Of course where higher poten- 
tials are desired, the socket must be made special in 
order to properly withstand the voltage. 

This tube is exactly the same in principle as the 
simplified tube of Fig. 2. The additional parts em- 
ployed are for several purposes. It is now being pro- 
duced for engineering use, is arranged to be mounted 
on a single stem, which makes for accuracy and ease of 
assembly. Both leads are brought out from the same 
end, which is convenient in moderate voltage service. 
The working parts are far removed from the glass 
bulb, which avoids danger of overheating the glass. 
There is a considerable volume of reserve gas, whieh 
avoids sudden changes of gas density due to tempera- 
ture effects. 

The tube of Fig. 8, as now supplied commercially, 
has a rated capacity of 50 milliamperes, and is designed 
to be used for supplying 500-volt direct current. In 
both of these matters it has some overload capacity. 
This particular tube was designed for the use of amateur 


Fig. 9 


radio enthusiasts for supplying plate voltage for use 
on their thermionic tube generators. It is also useful 
for charging small storage batteries, for fire alarm 
systems, and so on. 

The behavior of this tube is shown by the charac- 
teristic in Fig. 10. This characteristic is taken on a 
continuous potential circuit. It is rising throughout 
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the working range, although nearly flat, and not droop- 
ing as is that of the arc. It differs considerably from 
the dynamic characteristic. The curve for reverse 
voltage is shown in Fig. 11. Measured on continuous 
potential and at a voltage of 1500, the reverse current 
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Fie. 10—Dirrect-CurrentT VOLTAGE CHARACTERISTIC 
Hollow electrode cathode 


of the above tube is about 1.5 milliamperes. This 
completeness of rectification is also shown by the oscillo- 
gram of Fig. 12, which shows the current delivered to a 
resistance load with the tube operating on a 1000-volt 
a-c. circuit. Any of the usual rectifier circuits may, of 
course be used. Both halves of the a-c. wave may be 
rectified and the delivered d-c. potential smoothed out 
in the usual manner. 

The tube noted above has a reasonable continuous 
overload capacity. Momentarily it can carry very 
much higher currents than normal. For a period of 
one second the tube may safely carry 10 amperes, or 
even more, and will rectify correctly under these con- 
ditions. Fig. 18 shows an oscillogram of current taken 
when the tube was thus handling a current of about this 
magnitude. Since the cooling of such a tube is largely 
by convection of the enclosed gas, the electrodes run 
normally much below a red heat, and the cooling is 
limited only by the facility with which the glass walls 
can dissipate to the surrounding air. 

These tubes will operate in series and in parallel. 
In order to get very accurate sharing of current for 
parallel operation it is advisable to connect a small 
resistance in series with each tube. This is, however, 
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not necessary if the tubes are correctly paired, for the 
characteristic is rising and parallel operation is accord- 
ingly stable. In series, no particular precautions are 
necessary. A high voltage will be equally shared 
between the tubes. It should be particularly noted in 
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this connection that, when the tubes are used in series 
for the production of higher voltage, there is no prob- 
lem of the insulation of filament batteries or other 
auxiliary devices. The tubes with their sockets as a 
whole are the only things that need to be insulated 
against full line potential. 

When a tube of this model is operating, there is 
nothing that can be seen, except where a glow can 
be observed through a pinhole made in the cathode 
for this purpose. The heating of the bulb is the only 
indication that load is being carried. 

The life of these tubes is very long. Tests made 
extending over several thousand hours on a number of 
models have not shown a change of 5 per cent in the 
characteristic at any time, and an examination of the 


electrodes at the end of such period has shown no 
measurable disintegration. It may be safely assumed 
for all ordinary purposes that the life is practically 
indefinite. 

These tubes do not have the instantaneous current 
limitation of the thermionic rectifier. Also the charac- 
teristic does not pass through the origin, as is there 
the case. There are many uses in which such a current 
limit or characteristic is necessary. The internal drop 
in the present models is inherently higher than in other 
types of rectifiers now in use on low-voltage circuits. 
As is usually the case with electrical apparatus, the 
rectifier field will always be shared by a number of 
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widely different devices each particularly adapted for 
the use to which it is put. The particular portion of 
the field which will be occupied by the tube here des- 
cribed may be fairly accurately predicted from an 
examination of its inherent properties as presented in 
the paper above. 
> VIII. SUMMARY 

Of the various types of non-metallic conduction, 
that employing electrons and gaseous ions is par- 
ticularly noted. For practical purposes it has many 
advantages, such as the use of cold electrodes, compara- 
tively unlimited current, and no inherent consump- 
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tion of the working parts. In the past, however, this 
gaseous conduction has been little utilized commercially 
for it has been erratic and unreliable, and disintegration 
of electrodes and loss of working gas have accompanied 
it, with resulting short life. 


A new engineering principle, the short path law, 
and closely connected ideas, have resulted in practically 
removing these disabilities. The discharge can now 
be made to occur where it is wanted, and controlled; 
so that devices employing gaseous conduction may be 
made consistent in behavior and reproduceable. By 
limiting the discharge entirely to electrodes which are 
constructed of certain favorable materials, disinte- 
gration has been made to disappear, and with it all 
trace of gaseous clean-up. The result is the possibility 
of constructing gaseous conduction devices which can 
be depended upon and which will last indefinitely. 


Many applications of the principles may be made. 
Two of these, both rectifiers, illustrate the possibilities 
of the new arrangement. The first, described only 
briefly, obtains its control by the use of a magnetic 
field. The second obtains a similar control by the use 
of a space charge. The control is so complete that a 
ratio of currents in two directions of several thousand 
to one can readily be obtained. These rectifiers will 
readily stand a back voltage of several thousand. 
The current which they can pass is limited only by 
the question of getting rid of the heat evolved. The 
internal drop is around two hundred volts with the 
usual arrangements of the device. Heavy currents 
can be passed for short intervals. 


One commercial model of this form of S-tube is 
rated at 50 milliamperes continuously, and 1590 volts 
back voltage. It has a substantial continuous over- 
load capacity. It is designed primarily for charging 
fire alarm batteries and for the use of radio am- 
ateurs. For convenience, it is built to be screwed 
into the ordinary standard lamp socket. No other 
appurtenances or auxiliaries are necessary. The life 
is very long. The efficiency depends upon the circuit, 
and is high when high voltages are rectified. Such 
tubes may be used in series or parallel to any desired 
extent in order to obtain a desired voltage, current, 
or output. 


Discussion 


C. P. Steinmetz: This paper is interesting in the deductions 
you draw from it, because the statement made that a short gas 
path will not carry a discharge at voltages which will go over a 
much longer gas path, is rather in contradiction of our present 
ideas of the nature of breakdown in gases as determined by 
constant breakdown gradient, 

This paper thus throws some doubt on our present explana- 
tions of disruptive phenomena in gases as determined by a a con- 
stant breakdown gradient and energy distance. 

I understand that the author had a pressure of three milli- 
meters of mereury, that is about 1/250 atmosphere. This, 
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reduced to the atmospheric pressure by proportionality, gives a 
very short gap and such a gap should hold a high voltage. 

The whole subject is rather interesting theoretically from our 
present conception of the nature of breakdown of gases, and the 
matter is worthy of further investigation, since it is rather in 
line with many data and much information which has been 
accumulated in the last few years, which throws some doubt on 
many of our conceptions of dielectric breakdown and reopens the 
question of the mechanism of the breakdown of our insulating 
materials, and Messrs. Hayden and Eddy have shown that this 
may apply even to gases. 


J. B. Whitehead: One of the most noticeable character- 
istics of this rectifying tube is that it has no hot filament, simply 
a rectification occurring between two plain electrodes. It is 
well known, at least to those whose business it is to make them- 
selves familiar with the theory of the ionization of gases, that the 
positiveand negative ions of a gas have different values of mobility, 
or the rapidity with which they will move and diffuse. At these 
pressures, I suppose, we have a preponderance of simple electrons 
or negative ions, over the positive ion, 7. e. the residual of the 
molecule after it loses a negative ion. 

Of course, these two types of ions have widely different values 
of mobility, consequently it does not appear that we have here 
the ordinary phenomenon of the breakdown of gases as discussed 
by Dr. Steinmetz, but that we have the simple generation of ions, 
by the natural process of ionization, and that the uni-directional 
conductivity of the tube, results from the difference in the 
mobility of the two types of ion; in other words, in sustained 
action, the lighter negative electrons are drained away, leaving 
the excess of positive ions, and the presence of that excess of 
positive ions must necessarily result in a uni-directional conduc- 
tivity. 

J. E. Shrader: The experiment described by Messrs. Bush 
and Smith is the noted experiment described by J. J. Thomson 
where the electric discharge at diminished pressures takes place 
through a long path rather than the alternative shorter path. 
The principle involved is that of ionization by collision. To 
acquire sufficient velocity to produce other ions by collision the 
path should be sufficiently long before impact—with gas mole- 
cules. When this velocity is sufficiently great more ions are 
formed by collision with the gas molecules and these ions so 
formed may acquire sufficiently high velocity to produce other 
ions. 

Messrs Bush and Smith have here well utilized the phenomenon 
of ionization by collision.- 


C. P. Steinmetz: I might answer one point Dr. Whitehead 
brought up. I do not see why the mechanism of breakdown of 
several em. gap length at atmospheric pressure should be any 
different from that of minute gaps with higher vacuum. 

As regards the uni-directional feature of the conductivity that 
exists in long air gaps, this was first investigated by Mr. Peek 
with different electrodes, but it is only in the last year that high 
and constant uni-directional voltages have become available for 
investigation. 

Mr. Hayden has made a number of interesting tests showing 
the conductivity between the point and plate, at voltages of 
100,000, with distances of many centimeters. This conductivity 
is undirectional, so much so that the disruptive strength of the 
needle point and plate or large sphere with one direction of 
voltage is more than twice what it is with the other. This can 
be used to rectify alternating voltages and we are using such a 
plate and needle point gap with large condenser to produce high 
uni-directional voltages. 

So it seems we get phenomena at these high voltages and large 
gaps similar to those we are known to get in minute gaps at 
high vacuua. ; 

V. Bush: The eseuoiuansy of the long and short paths, which 
I believe was due to Hittorf, shows that in general the discharge 
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prefers a long path to a short one, when the short path is short 
under the definition of the paper, and the long path is not pur- 
posely suppressed. The point I want to emphasize is the 
extent of this preference, which has not been generally realized. 
The preference may readily be so strong that, if the long path is 
suppressed, the short path will not break down at, say, 10,000 
volts, whereas, the long path would if allowed break down at 
300 volts. 

As to another point, brought up by Dr. Whitehead: Of course, if 
we attempt to apply this principle at atmospheric pressures, the 
distances involved are about 1/10,000 of a centimeter as Dr. 
Steinmetz points out. With the low pressures, we have to deal 
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almost. entirely with positive ions and electrons, whereas at the 
higher pressures, the effect of the negative ions is ordinarily also 
important. It is not at all settled that this would still be true 
with very close separations. 

There is one further point. I would like to distinguish this 
apparatus from the rectifier which depends simply on dissym- 
metry of electrodes, and which thus depends for its action on the 
difference in breakdown voltage in the two directions,—such as 
the point and plate and the corona rectifier. In the non mag- 
netie type of this tube the breakdown voltage in the two diree- 
tions is approximately the same, but the characteristics in the 
two directions are very widely different. 


Determination of Temperature of Electrical Apparatus 
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Temperature measurements constitute a large part of the work of the test department of an electric light and power 


company in the acceptance and maintenance of the electrical equipment. 
which are applicable to this work are discussed in this article. 


The methods of measuring temperature 
The characteristics of the different kinds of temperature 


measuring apparatus are brought out by describing a number of actual tests. 
In the article considerable attention has been given to various forms of thermocouples which have been found very 
useful in obtaining temperature measurements on cables and in underground conduit systems. 


HE following paper is intended as a discussion of 

the various commonly used methods of deter- 

mining temperature, such as would be employed 
in the test department of an electric light and power 
company. ‘The temperature measurements, as a mat- 
ter of fact, constitute a large part of the acceptance 
tests of electrical equipment and supplies, and form a 
considerable part of the investigation of service per- 
formance and characteristics after the equipment has 
been accepted and placed in service. 

The four commonly used means of measuring tem- 
perature are by thermometer, by resistance thermo- 
meter, by thermocouple and by change in resistance 
in the winding or circuits of the apparatus under test. 

If an electric light and power company rigorously 
maintains the policy of testing for acceptance, as far as 
possible, equipment and materials purchased, it results 
in the presentation of many varied kinds of equipment 
and material with consequent problems in connection 
with their test. This paper proposes to discuss the 
adaptation or application of the various methods of 
measuring temperature to specific kinds of equipment 
and material, rather than to discuss the various methods 
in a general way. It is understood that the tempera- 
ture measuring devices themselves are well established 
and are not presented here as novel and probably not 
new in their application. However, many test details 
arise in connection with the use or application of the 
various forms of measurement to the particular equip- 
ment under test. The. discussion of a number of 
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specific test conditions will bring out some of the 
characteristics and limitations of the various methods 
of measuring temperature. 

The work of a test department of this character 


covers a fairly broad field, but it does not require the 


use of every type of temperature measuring apparatus, 
nor are all types suited for the conditions encountered. 
In general, the temperatures which are measured are 
less than 200 deg. cent. and in most cases are confined 
within the limits permissible in electrical apparatus. 
The measurements usually need not be made more 
precisely than to the nearest degree centigrade. Ac- 
cordingly, the discussion which follows will pertain to 
measurements in this temperature range and of this 
general precision. 

Before. describing the detailed applications, some 
of the types and characteristics of the four kinds of 
temperature measuring apparatus will be briefly dis- 
cussed. 

The thermometer method is the simplest and most 
convenient to use. With the thermometer the indica- 
tion of temperature is obtained directly without the 
use of any auxiliary equipment. 

The following forms of thermometers are found to 
supply the general demands of test work. 

1. Indicating (mercury and spirit). 

2. Recording. 

3. Maximum and minimum indicating (constricted- 
bore type and Six’s. type). 

The mercury indicating heat dbaotars of the gas 
filled type are to be preferred for most work. These 
thermometers are calibrated for partial immersion 
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(frequently 3 inches). This is desirable as in ordinary 
use only the bulb is in contact with the apparatus. 
The spirit thermometers are calibrated for full immer- 


sion and are used in locations where air or fluid tem- 


peratures are desired and danger from high voltage 
makes it inexpedient to use mercury thermometers. 
In case of breakage of spirit thermometers, the hazard 
from voltage breakdown in high tension apparatus is 
less than with mercury thermometers, due to the quick 
evaporation of the fluid. 

The recording thermometers are standard instru- 
ments which can be purchased in various types and 
ranges. _It is found that the self-contained instrument 
suited for ambient air temperature measurements has 
the widest application for portable use. 

Where apparatus is inaccessible or where there is 
hazard from high voltage, it is frequently not practic- 
able to use thermometers. In such cases, the resistance 
thermometer or thermocouple properly insulated or 
the change in resistance method are used. 

The shape and bulk of the resistance thermometer 
units do not always make them readily applicable to 
test conditions. In order to obtain sufficient strength, 
the unit must be made large, the small units being 
fragile and expensive. This type of apparatus has 
been found better suited for permanent installation 
rather than for portable testing work. 

In general test work, the thermocouple has proved 
more useful than the resistance thermometer. It is 
small, strong, easily made up, and will give readings 


at a distance with a sufficient degree of accuracy. A. 


copper constantan couple is used for temperatures up 
to 200 deg. cent. The indication is obtained by means 
of a potentiometer type temperature indicator cali- 
brated directly in degrees for this type of couple. This 
is a null method of measurement which avoids correc- 
tion for lengths of connecting leads and permits accurate 
determination of temperatures at considerable distance 
from the instrument: 

The thermocouple wire for use with these instru- 
ments can be purchased with a guarantee that the 
results will be correct within one degree centigrade over 
the entire scale. This is sufficiently accurate for the 
work encountered, and presupposes that the constantan 
wire has been carefully selected. The two conductors 
are made up in a duplex wire and each insulated with 
rubber. Surrounding both wires there is a weather- 
proof covering. Rubber insulation should cover each 
wire separately as cotton insulation alone is liable to 
absorb moisture and produce internal galvanic action 
introducing errors in the temperature readings. 

It has been found desirable to give each shipment 
of thermocouple wire on receipt acceptance tests to 
insure that its characteristics are as guaranteed and 
to insure against defective insulation. 

1. Each coil of wire is tested as a thermocouple 
between 20 deg. cent. and 150 deg. cent. with the port- 
able direct reading potentiometer temperature indica- 
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tors, in order to ascertain that its e. m. f. agrees with 
the standard curve. ' 

2. The insulation resistance between the two con- 
ductors of each coil is measured with a 1000-volt 
megger. 

3. A 50-foot sample is cut from the coil and its insu- 
lation resistance is measured as in (2). 

4. The sample in (8) is heated to 100 deg. cent. for 
one hour and then connected to a temperature indicator 
with the end open circuited in order to determine 
whether any electrochemical e. m. f. is generated. 

5. -The insulation resistance of the sample is mea- 
sured while hot, following the same precedure as in 
aye 

After passing these tests, the wire is ready for use. 
Couples can be made up in the field by simply twisting 
the copper and constantan together and soldering the 
junction. The length can be made to suit the field con- 
conditions, and no further calibration is needed. 
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The fourth method of measuring temperatures makes 
use of the change in resistance of the windings. The 
results obtained by this method are accepted as the 
average temperature of the conductors. It is not 
possible to measure hot spot temperatures by this 
method. In tests on transformers, regulators, reactors 
and cables, the resistance method is extensively used. 

With the above methods available, the selection of 
the method depends on the character and the location 
of the apparatus to be tested. Some of the typical 
tests are described below, and also the reason for select- 
ing the various methods discussed. In describing 
the tests only brief mention is made of the technical 
details except as they affect the methods of measuring 
temperatures. In order to give a clearer idea of the 
equipment under test and the temperature measuring 
apparatus, illustrations and diagrams of many of the 
tests have been included. 

In Fig. 1, a group of circuit breakers is shown set up 
for test. The thermometer method was used because 
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the apparatus was easily accessible and this method was 
the simplest. The thermometers were placed at the 
points where the highest temperatures were expected, 
at the contacts and joints. The bulbs were placed in 


contact with these parts and were covered with putty.. 
On account of the small size of the breakers, the area 


covered by the thermometers and putty was kept to a 


Figi2 


minimum so that the radiating properties were not 
appreciably altered. The thickness of the putty 
covering was sufficient to protect the bulb from the 
influence of the air. 

In tests where the radiating surface is very small, 
thermocouples have the advantage over thermometers. 
The arrangements for such a test are shown in Fig. 2, 
which is an illustration of small copper catches set up 
for test. The thermocouples were soldered to the 


Fig. 3 


catch, bus and lug. If thermometers had been used, 
the bulb and putty would have seriously reduced the 
radiating surface. The thermocouple junctions and 
the spot of solder did not appreciably alter the radia- 
tion, so that it was possible to make a detailed tempera- 
ture survey with very little change in normal operating 
conditions. F ; 

In some cases, a number of methods find application. 


Fig. 3 is an illustration of the cable and equipment. 
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In, Fig. 4 a diagrammatic layout of the cables is given 
which shows. the location of the thermometers. and 
thermocouples. The cable was a_ three-conductor 
cambric-insulated high-voltage cable. Over the outer 
belt of insulation, there is a steel armor and over this, 
a weatherproof covering. The surfaces of the cables 
were painted so as to give different radiating effects. 
The conductors of the various sections were con- 
nected together so that current from a low-voltage 
supply could be circulated through each of the phases. 
The rated potential difference was maintained by 
another source, so that the net dielectric losses were 
the same as in normal service. In arranging the cir- 
cuits, provision was made so that by using a switch to 
throw from a-c. to d-c. supply, the conductor resistance 
could be measured immediately after opening the test 
current. The leads for the voltage measurements were 
permanently soldered to the conductors and brought 
to a central point so that the readings could be quickly 
taken and sources of error due to poor connections 
avoided. From these measurements, the average 
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temperature of the conductors in each section was 
determined. - 

The temperature of the steel armor was measured 
by means of thermocouples inserted under the armor 
through slits in the weatherproof covering. The 
thermocouple wires were brought back to a dial switch 
shown at the center of Fig. 3. The temperature 
indicator was placed on an insulated platform on which 
the observer also sat when taking’ readings. This 
safeguard was necessary as the thermocouple leads 
might become alive due to a failure in the insulation. 

On the surface of the cables, thermometers were 
used to obtain the temperature. These thermometers 
were held down with putty. The air temperatures 
were measured by means of both indicating and record- 
ing thermometers. 

When it is desired to obtain maximum internal 
temperatures, such as in a splice, the thermocouple 
is the best method. The location of the probable hot 
spots is determined and the thermocouples are located 
at these points. 

For example, a test was made on a splice of a con- 
centric one million-cir. mil, lead-covered cable. The 
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problem was to analyze the temperatures in and around 
the splice after it was completed as it would be made 
up in service. The thermocouples were therefore 
built into the splice as it progressed and the normal 
lay of the cable insulation and lead armor was dis- 
turbed as little as possible. One thermocouple was 
placed at the joint in the inner conductor. This was 
fastened to the wiping solder used at that point. Other 
thermocouples were spot-soldered to the inner con- 
ductor about four inches each side of the joint, and the 
leads brought through a small triangular slot cut in 
the paper insulation, the cut being so made that the 
insulation could be bent back in place after the thermo- 
couple was located. A cross section of the splice is 
shown in Fig. 5 and the location of the thermocouples 
on the inner and outer conductors and sheath are 
indicated. 

The leads to the thermocouples were made as small 
as possible so that they could be all grouped together 
and brought out through a hole in the lead sleeve of 
the splice which was securely sealed. Fig. 6 shows an 
external view of the splice and the connections to the 
temperature indicator. 

Another application of thermocouples was in tests 
on air-blast transformers. Thermocouples composed 
of flat strips were found useful for this work. These 
thermocouples were from one to three feet long and 
were made up of the copper-constantan strips encased 
in a micarta covering. The strips were joined to form 
a junction at one end and at the other the regular 
thermocouple wire was soldered to the strips and 
extended to the temperature indicator. These junc- 
tions were wedged between the low-tension winding 
and the separators. 
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Fig. 5 


Such thermocouples could not be placed in contact 
with the high-tension windings with safety. In order 
to measure the temperature of the high-tension wind- 
ings, thermometers were used. These were fastened 
on the coils usually at the top. The readings of the 
thermometers were obtained through the top of the 
transformer by protecting the eyes with goggles, (on 
account of the air blast). If the thermometers were 
located at greater distances than two feet a galvano- 
meter telescope was used. In addition, thermometers 
were lowered on strings in the air passages in order to 
obtain the air temperature. Spirit thermometers 
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were used for this purpose as they were less liable to 
cause a ground if broken inside of the transformers. 

On rotating machinery, the temperatures are ob- 
tained by thermometers when the apparatus is acces- 
sible. For example, on synchronous converters, and 
generators and motors, the thermometers are placed 
on the stationary parts such as the field coils, pole tips, 
frame, bearings and brush brackets and collector buses. 
On induction motors and other apparatus on which the 
major part of the windings are imbedded the resistance 
method gives the best results. However, thermom- 
eters are always used if possible to supplement this 
method. 


The temperature measurements of the rotating parts 
are made after the machine has come to rest at which 
time thermometers are quickly placed on the commu- 
tator slip rings and armature windings. Thesereadings . 
are taken at intervals of a minute or less until the 
temperature has started to decrease. 

On the larger higher-speed, high-voltage equipment 
such as turbo alternators, the temperature measure- 
ments are made by means of imbedded thermocouples 
or resistance thermometers usually placed by the 
manufacturer. The temperatures of the stationary 
parts, if accessible, are measured by thermometers, or 
thermocouples. 

For investigating temperature conditions in the 
various parts of an underground transmission and 
distributing system, the thermocouple was found to be 
very convenient and adaptable. Tests made on cables 
in manholes, sheath temperature and manhole air 
conditions were made with thermocouple and recording 
thermometers. On low-tension cables, the thermo- 
couple junctions were soldered directly to the sheath. 
On high-voltage cables, the junctions of the thermo- 
couple wire were preferably soldered to small pieces 
of sheet copper about 14 in. by 1 in., and these securely 
held in contact with the sheath of the cable by. means 
of small wooden blocks of about the same area. 

The piece of sheet copper increased the contact area 
of the junction, thus insuring that the thermocouple 
junction assumed as nearly as possible the temperature 
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of the sheath. The thermocouple junction alone pro- 
duced a very small contact. Due to this relatively 
small volume compared to the size of its own connecting 
leads, the leads may conduct the heat away if they are 
of a lower temperature than the thermocouple in con- 
tact with the cable, which is usually the case. Such 
a condition would result in a lower indication of tem- 
perature than actually existed on the sheath of the 
cable. 

The foregoing point is of general application and it 
has been found necessary to analyze the above effeét 
from various angles. As a result, the junctions of the 
thermocouple wire were fitted in special copper slugs 
which have been developed by the test department of 
the New York Edison Company. This slug is shown 
in the insert in Fig. 7. This form was designed primar- 
ily for measurements of duct temperatures which by 
nature do not change rapidly. It is about two inches 
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long and 3% of an inch in diameter, with grooves cut 
parallel to the axis so as to give a larger exposed area. 
The slug increased the exposed surface of the couple 
and eliminates any error which may be due to the leads 
conducting heat away from the couple. The increased 
mass of the couple made the measurements of air 
temperature more reliable, in that the couple did not 
show temperature changes with each slight draft of 
air. The time lag introduced by the increased mass was 
less than one half hour and was considered satisfactory 
for duct temperature measurements. Obviously this 
time constant may be increased or diminished by vary- 
ing the mass and relative seats surface of the 
terminal. ; 
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Extensive underground temperature surveys have 
been made in duct banks by means of gang-cables of 
thermocouples, approximately 350 feet long. The 
entire gang-cables are built up beginning with a 3¢-in. 
steel-wire rope to which the thermocouples are attached. 
The thermocouples fitted with the above mentioned 
slugs are spaced every 30 feet and the pair of leads to 
each one brought back to one end of the cable. All 
the leads are bound with cord about every foot. Four 
layers of tape are wrapped over the entire length to 
protect the cable from abrasion and slight moisture. 

In attaching these junctions on the cable, the copper 
slugs are heat insulated from the steel rope by means of 
a number of layers of tape. In order to make certain 
that the slugs do not come in contact with the duct 
walls, knobs were built up on the cable each side of the 
slug as shown in Fig. 6. 

The complete equipment used with the cable is 
shown in Fig. 7. The thermocouple wires were brought 
back to a dial selector switch which permits any couple 
to be connected to the temperature indicator. 

As this assembly was used throughout the year, tests 
were made on the dial switch and indicator when at 
different temperatures to determine whether the 
accuracy is influenced. It was found that throughout 
the range of temperature encountered, the precision 
is within one deg. cent. At extremely low tempera- 
tures, the standard cell in the indicator became unreli- 
able. For freezing weather the standard cell was 
removed to a heavy heat insulated case so it could be 
used for long periods outdoors. 

Based on the experience accumulated in using 
thermocouples and the gang cables, it is felt that the 
general accuracy of temperature measurement which 
should be obtained is within one degree centigrade. It 
will be appreciated that with anew application of 
temperature measuring apparatus such as the gang 
cable, a certain number of practical difficulties may be 
encountered in the field. This has been the case in 
this instance and several sources of error have been 
encountered and eliminated which are recorded here 
for the benefit of others who may desire to attempt 
similar investigations: 

1. Thermocouple wire made by a-reputable manu- 
facturer was used at first which had unimpregnated 
cotton insulation between the conductors. It was 
found that this wire readily absorbed moisture of 
various and unknown chemical characteristics, which 
produced galvanic effects and caused errors in the 
temperature readings. Immediately this condition 
was understood, it was corrected by using rubber insu- 
lation around each individual conductor, and also 
around the pair of conductors comprising the thermo- 
couple. 

2. After the gang cables had been in service for a 
considerable period, it was found that breakages 
occurred in the copper conductor near the copper 


416 


slug terminal. Relatively few breakages occurred in 
the constantan wire. These breakages were due to the 
wear and tear in service incidental to pulling the cable 
in and out of ducts. It was exceedingly difficult to 
detect the breakage of the wire since mud and moisture 
from the duct entered the cable and produced galvanic 
action between the conductors at the break near the 
slug terminal. This error has been eliminated by 
substituting a stranded copper conductor for the 
solid copper conductor. Additional protection has 
been obtained by water-proofing the junction between 
the thermocouple insulation and the copper slug 
terminal to exclude moisture from the thermocouple 
wire. 

3. It was found that the insulation ordinarily 
furnished with the thermocouple wire did not satis- 
factorily resist service usage. Accordingly, thermo- 
couple wire was obtained insulated with especially 
durable insulation capable of standing considerably 
more wear and tear than the ordinary rubber insulation 
previously furnished. 


This thermocouple gang-cable has been found very 
useful in plotting the temperatures along a duct bank. 
For analyzing temperatures which might emanate 
internally in the cables lying in the bank or externally 
from steam pipes and other sources of heat outside the 
bank. This gang cable is of such size that it can be 
used only where an empty duct is available in the 
bank, as it cannot be pulled through a duct already 
occupied by a cable. 


In the morning the cable was pulled into an empty 
duct of a bank so that the first thermocouple extended 
into the next manhole. The manholes were closed 
and readings taken over the peak load period, after 
which time the cable was removed. 


As a check on the accuracy of the thermocouple 
indications, and in order to prevent any discrepancies 
from entering, a thermometer was placed in contact 
with the terminal of the first thermocouple in the far 
manhole. Simultaneous readings were taken on the 
thermometer and thermocouple just before removal. 


The life of a cable of this character in nearly con- 
tinuous testing service at numerous locations is about 
three months. 


In cases where the space was limited, or it was 
inconvenient to bring out thermocouple leads, the 
maximum indicating thermometer was used. There 
are the two types, namely the Six’s maximum and mini- 
mum indicating and the restricted bore mercury 
thermometer which is only maximum indicating. 
These were placed in junction boxes in the middle of 
streets, where, due to traffic, thermocouples could not 
be used and where on account of the restricted space, it 
was impossible to set recording thermometers. The 
results obtained by these thermometers gave only the 
range of temperature during a load cycle: 
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The data and methods given above are intended to 
set forth some of the procedure being used to measure 
temperatures in the general testing work of a large 
public utility. They are advanced with the belief 
that they will be of value to engineers engaged in 
similar work and will bring out discussions of other 
methods for achieving the necessary test results. 


Discussion 


E. S. Lee: Those of us who are engaged in making tempera- 
ture measurements know that heat is elusive and gets away from 
us very easily, and we have to take due consideration of the fact 
that it may go from one place to another by conduction or by 
convection or by radiation; the measurement of temperature is 
therefore complex. 


As Mr. Rutan said, the thermometer method is simple and 
convenient. Wemake such extensive use of the mereury thermom- 
eter in our daily life that we sometimes apply it in our engineer- 
ing without knowledge of the fact that errors may exist. Dif- 
ferences in temperature along the thermometer stem, poor con- 
tact of the bulb with the measuring surface, broken mercury 
column are the most frequent sources of error. Formulas are 
available for emergent stem correction; their use is not always 
productive of accurate results. Contact errors can be eliminated 
if care and thought are used. Felt pads and putty both provide 
means for affixing thermometers. Broken mereury columns can 
be detected by careful inspection. 


If you want to find out something concerning the accuracy of 
the results that you are getting from any measurement with 
mercury thermometers, just make a measurement and remove the 
thermometer completely; replace it and take another observa- 
tion. Do this half a dozen times and you may find there is 
considerable deviation. There may be a deviation of as much 
as 5 degrees, even when you are trying to keep everything else 
constant, and you must be careful to do that. 


Mr. Rutan speaks of the resistance thermometer, and, in 
his particular case he has not made so very much use of it. Use 
can be made of it in a great many installations and it is particu- 
larly convenient in that you ean read the indicator directly with- 
out having to make any manipulations, the exciting voltage 
remaining constant. For tests where facility of reading the 
indication is an important factor, the resistance thermometer 
should be considered. : 


In regard to the thermocouple, what Mr. Rutan has said about 
its being of wide application, is very true. In connection with 
his acceptance tests, in order to assure himself that the wire is 
according to the specification, I find that he speaks of testing it 
up to 150 deg. cent., and that he heats it up to 100 deg. cent. for 
an hour to see that there are no parasitic currents generated to 
affect the result. I am wondering if Mr. Rutan uses rubber 
thermocouples at such temperatures as 100 or 150, or 200 deg. 
cent.? Ifrubberis used at these temperatures, I think you will 
get into trouble. If you are using a thermocouple junction which. 
will stand these high temperatures, with rubber and cotton 
covered leads out in the regions where the temperatures are low, 
you may be all right. Leads covered with rubber only are 
positively detrimental. 


In item 4, on page 465, I understand from what Mr. Rutan says 
that he takes a 50-ft. sample, winds it up, and puts it in the oven 
a 100 deg. cent., allowing one end to extend into the open to which 
an indicator isconnected. I-would suggest another test whereby 
the entire length of thermocouple is extended in the room, the 
ends of this thermocouple being adjacent, one being connected 
to an indicator. Now heat the thermocouple to any desired 
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temperature at different points along its length. The indicator 
should give zero deflection if the thermocouple materials and 
insulation are without defect. 

E. J. Rutan: Replying to Mr. Lee in regard to the use of 
rubber insulated thermocouple wire at 100 deg. cent. or above I 
wish to state that the temperature limits given were mentioned 
in connection with the junction temperature. The wire itself 
is usually in air at a much lower temperature. In cases where 
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the wires may pass through high temperature spaces leads insu- 
lated with glass or vitreous beads are used in place of the rubber 
insulation. 

Mr. Lee also suggested heating the wire under test at different 
points along the length in order to detect defects in the insulation. 
This method had been tried but was more time-consuming than 
the method outlined in the paper which gives the desired infor- 
mation on a full length with one test. 
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Review of the Subject.—The comparatively recent develop- 
ment of the full automatic substation and also the automatic sub- 
station combined with remote control, has served to re-open the entire 
subject of the economics of distribution. But quite aside from the 
questions that the automatic substation has presented, the great 
fluctuations in the prices of materials and of labor have made nec- 
essary renewed study of this subject. In other words, the proper 
design of a distribution system should represent a balance between 
all of the different items of cost that go to make up the total cost of 
power. Any change in the relative cost of materials as against 
labor or of a certain class of materials as against another class 
of materials tends to upset such a balance. Now that we begin 
to emerge from the unsettled conditions of the past few years during 
which the old relationships have been substantially changed, it 
ts necessary to ask the question whether or not the rules by which 
distribution systems have been planned in the past still apply. 

More specifically, it is the purpose of this paper to determine, 
first, the relations that govern the size of feeders and the correct 
feeder layouts for any given arrangement of substations, and second, 
the principles underlying the correct location, size, and type of 
substations, assuming the fullest development of automatic and 
semi-automatic control. 

There is involved also the important question of stray currents. 
Regardless of the merits of the electrolysis controversy, the minimizing 
of stray currents is certainly to be desired by the electric railways. 
The most effective method of accomplishing this is increasing the 
number of distributing points. If a large number of distributing 
points be justified from an economic standpoint, and if further- 
more this be found practicable from an operating standpoint, 


then the problem of electrolysis may perhaps cease to exist. Thus 
the inquiry is doubly pertinent. 

The cost of distribution in large cities of the size of Cleveland, 
Detroit, or St. Louis, comprising the carrying charges on the feeder, 
the heating losses in the feeders and the carrying charges on the 
equipment necessary to supply these losses, is considerably in 
excess of $200,000 per year. It is apparent that a careful study 
of this item of cost will more than likely he justified by the savings 
that will result. 


There are not at the present time sufficient accurate data on cost 
and performance of automatic substations to make possible a 
precise analysis of specific cases. In lieu of this it is the authors’ 
purpose to show limiting conditions and by example to illustrate 
the relation of the various determining factors to the final cost. 
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1. FEEDER CIRCUITS 


HE total cost of feeder distribution comprises the 
following: 
(1) Carrying charges on feeder investment. 

(2) Carrying charges on (a) generating plant, 
(b) transmission lines, and (c) substations, for that 
part of the investment that supplies the losses in the 
feeders. 

(3) Operating expenses of the generating plant, 
transmission lines and substations for that energy 
which is lost through heating of the feeders. 

In cities of about the size of Cleveland the following 
conditions are fairly representatiye: 


Presented at the Annual Convention of the A. I. E. E., 
Niagara, Falls, Ont., June 26-30, 1922. 


(1) Feeder investment, $1,000,000. Carrying charges 


@ 13 per cent per annum ........0......5.- $130,000 
(2) Generating plant, transmission lines and sub- 
station investment per kw. (d-c.) demand, 
$165. 
At 14 per cent per annum these carrying charges 
are $23 per kw. 
Maximum demand, 40,000 kw. Distribution 
loss during peak, 10 per cent. Carrying 
charges, 0.10 X 40,000 X $23............ 92,000 


Operating expenses of generating plant, trans- 
mission lines and substations. 
0.8 cent per kw-hr. 
_At 25 per cent loss factor the average system 
loss will be 1,000 kw. or 8,760,000 kw-hrs. 
EPOV: V CON Fw Vos as. oie ere ane ofasaret 
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It is readily apparent that an increase in the copper 
investment will serve to cut down the heating losses 
and consequently those items of cost that depend on 
these losses. There must be, therefore, a proper size for 
every feeder representing an economic balance between 
the copper carrying charges on the one hand. and the 
copper losses on the other, for which size the total cost 
is a minimum. 

Three distinct types of feeders will be considered: 

(a) Uniform cross-section, entire load concentrated 
at the end. 

(b) Uniform cross-section, load uniformly dis- 
tributed along feeder down to zero at end or neutral 
point. 

(ec) Uniformly tapering cross-section, load uni- 
formly distributed along feeder down to zero at end or 
neutral point. This type of feeder is of course purely 
theoretical. It may, however, be considered as 
representing the limiting condition that is approached 
by stepping down the feeder size. . 

The items of cost set forth above will be expressed 
by the following symbols: 


List oF SYMBOLS 


C;—Total annual cost of feeder circuit (dollars). 

Cy— “ ~ « « yail and ground circuit (dollars). 

CcC— * ss « entire distribution circuit (dollars). 

' D —Distance to end of feeder or neutral point (feet). In the 
ease of variable distributing distances D is the distance 
corresponding to peak load. 

E —Voltage drop to end of feeder or to neutral point for maxi- 
mum (peak) current. 

E,;—Voltage drop to end of feeder or to neutral point for maxi- 

mum (peak) current, in feeder only. 

—Operating expenses for generating plant, transmission lines 

and substation (dollars per d-c. kilowatt-hour). 

—Carrying charges on feeder in place (dollars per Ib.). 

—FEffective resistance of rail and ground cireuit (ohms per ft.). 

—Maximum (peak) current in feeder at substation end 

(amperes), e. g. average of 15-minute peak or other basis 
for determining proper installed capacity. 

L —Loss factor, average of the squares of the momentary feeder 
currents divided by the maximum current. (J) squared. 

m —Cross-section of feeder at substation end (cireular mils). 

p —Carrying charges (interest, depreciation and taxes) on 
generating plant, transmission lines, and substations 
(dollars per d-c. kw. demand per year). 


® 
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The following equations in sections 1-3 (inclusive) are 
derived for the condition that distributing distances 
remain the same forall loads. The effect of varying 
distributing distances with load will be considered in 
section 4. ; 

Type (a) feeder, uniform cross-section, concentrated 


load. 
10.35 
Ce = 3.67 X 10 *mDf + 0.001 X rpp(——) 


+ 8.76 x PLeD(—.) (1) 

The factor 3.67 is pounds per foot per 1,000,000- 
cir. mil cable with triple braid weatherproof insulation, 
the factor is slightly greater, for smaller sizes of cable. 


CRECELIUS AND PHILLIPS: DIRECT-CURRENT RAILWAY DISTRIBUTION Transactions A. I. E. E. 


The first problem is to express m in terms of the 
constants D, e, f, I, L and p for the minimum cost 
(Cr), according to Kelvin’s law of economy, 2. eé., 


Ses, 1 2820 p + 24.7 X 10°Le 


bi 
Cr (minimum) = 0.000390 I D V f (p + 8760 Le) 
Ee=l ( 10.35 ) 
m 
EXAMPLE: 


Let D = 1.5 miles or 7920 feet 
e = $0.008 pe: kw-hr. 


4,400,000 


4,000,000 


MILS,) 


FEEDER CROSS-SECTION (CIR 
PER 1000 AMPERES, FOR MINIMUM COST 


2,400,000 


2,000,000 7 — 


30 


$18 20 22 24 26 28 
ANNUALCARRYING CHARGES GENERATING PLANT, 
TRANSMISSION & SUB-STATIONS 
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f = 0,022 Multiply section by 0.9195 
f = 0.025 Multiply section by 0.8626 
f = 0.028 Multiply section by 0.8154 
For type (6) feeder multiply section by 0.577 
For type (c) feeder multiply section by 1.000 
For 1,000,000-cir. mil, T. B. W. P. feeder multiply section by 1.000 


For 500,000-cir. mil, T. B. W. P. feeder multiply section by 0.985 
For 4/0 T. B. W. P. feeder multiply section by 0.985 
For 2/0 T. B. W. P. feeder multiply section by 0.962 


For bare feeder, all sizes, multiply section by 1.090 


per lb. 
= 750 amperes 
L = 0.25 (For Cleveland Rwy. Co., load factor 
approximately 40 per cent) 


f = $0.0186 = 12 per cent on feeder at $0.155 
I 


p= $23500; 
Then m = 1,860,000 circular mils. 
Cr (min.) = $2010 per annum. 
Ey = 38 volts. 


Type (b) feeder, uniform section and distributed load. 
In this type of feeder, the above equations become 
(see Appendix I): 


m = 0.5771 2820 p + 24.7 X 10° Le 


f 
~C; (min.) = 0.000225 I D Vf (p + 8760Le) 
d enckavAly 10 BRD 
foe ae (=) 


mM 
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m 
Cr (min.) { for type (b) 
Er 
0.577 xX m 
= 0.577 X Cr (min.) J} for type (a) 
0.866 X Er 


EXAMPLE: Using the same values for D, e, f, I, L 
and p as in the example for type (a) 


m = 1,075,000 circular mils. 
Cr (min.) = $1160 per annum. 
Er = 28.6 volts. 


Type (c) feeder, tapering section and distributed load. 
The feeder may be considered as the summation of 
small increments each of which is the same as type (a) 


3000 0,010 
Mt ¢-0.0186, Le-0-02 
z £-0.0186, Le=0.009 
= 2800 A 
a i 6, Le-9; 
£-0.018 
= 2600 | _4.9,0}:86, -Le-9.007 
> t 9,006. 
iw ae 9.0186, L270. 
B. Fy 90.005. 
2 -o.0re6, Le | 
[=J 
8 Pe] -0,004 
a 2200 40.01 D be im 
3 =0,00 
fe) 003 
a 2000 = 4-0.0 
WwW 
a 02 
5 1800 j | 420.0385, i" 
= il ie 
z ‘ ones, pet 

1600 1:8: 
me Type (a Fedder 
ee 
= 
= 1400 
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f = 0.022 Multiply cost by 1.0875 
f = 0.025 Multiply cost by 1.1593 
f = 0.028 Multiply cost by 1.2264 
For type (b) feeder multiply cost by 0.577 
For type (c) feeder multiply cost by 0.500 
For 1,000,000-cir. mil, T. B. W. P. feeder multiply cost by 1.000 


For 500,000-cir. mil, T. B. W. P. feeder multiply cost by 1.015 
For 4/0 T. B. W. P. feeder multiply cost by 1.015 
For 2/0 T. B. W. P. feeder multiply cost by 1.039 


For bare feeder, all sizes, multiply cost by 0.917 


feeder, so that losses and amount of copper are one- 
half what they are for type (a). (see Appendix II.) 


Mf ae 2820 p + 24.7 x 10° Le 
f 
(same as for type (a) ) 
C, (min.) = 0.000195 I D / f (p + 8760 Le 


(10.35 D) 
m 


Ey =I (same as for type (a) ) 
EXAMPLE: Using same values for D, e, f, I, L and 
p as in examples for types (a) and (b) . 
m = 1,860,000 circular mils. 
Cr (min.) = $1005 per annum. 
Ex = 33 volts. 
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2. RAIL AND GROUND CIRCUITS. 


These circuits are not susceptible of precise deter- 
mination principally on account of variation in joint 
resistance and leakage to ground. Were it not for 
these two factors it would be possible to calculate return 
circuit resistances and drops with a fair degree of 
accuracy. Fortunately, good practise is making this 
problem easier. The Report’ of the American Com- 
mittee on Electrolysis in the “Summary of Good 
Practise” calls for (1) track construction and bonding 
that will cut down resistance to a minimum, with such 
cross-bonding as will serve to minimize the effect of 
joint failures, and (2) track insulation insofar as this 
is not inconsistent with other considerations. There 
are large differences in the resistances to ground of the 
several different types of roadbed construction now in 
vogue. Good practise, however, tends toward the 
roadbeds of higher resistance and the consequent reduc- 
tion of stray currents. 

The above report condemns the “reinforcement of rail 
conductivity” either by parallel copper, because this 
copper cannot be economically loaded, or by buried 
conductors which ‘‘increase the contact area between 
return circuit and the earth.” It points out the high 
cost of insulated negative feeders. All of these recom- 
mendations make for the simplification of the problem 
which is being considered here. 


sae | 
aD ut - ae 
=8 
ba =0.07 
of 86 T 
COxZn 00 
Pxoye} ; 03 | 
og eee | + 
Oo5 m™ . le ih | 
nes — ome 
Sas 22 -002 
<wO zt 4 | 
ar f°0.0186_| 
PS 88 Le dong|__|_ 
==, 20 | 
Su 1; —;— Type (a) Feeder —— 
to | } | | 
32 1s 
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Fig. 3 


f = 0.022 Multiply drop by 1.0875 
f = 0.025 Multiply drop by 1.1593 
f = 0.028 Multiply drop by 1.2264 
For type (6) feeder multiply drop by 0.866 
For type (a) feeder multiply drop by 1.000. 
For 1,000,000-cir. mil, T. B. W. P. feeder multiply drop by 1.000 


For 500,000-cir. mil, T. B. W. P. feeder multiply drop by 1.015 
For 4/0 T. B. W. P. feeder multiply drop by 1.015 
For 2/0 T. B. W. P. feeder multiply drop by 1.039 


For bare feeder, all sizes, multiply drop by 0.917 


As the number of distributing points is increased, 
track drops decrease very rapidly, theoretically as the 
square of the distance. It is therefore apparent that 
decreased distributing distances will serve both to cut 
down stray currents and make possible the more exact 
determination of return circuit resistances. 


For the purpose of an economic analysis the effective 
resistance of the rail and ground circuit in most cases 
may be based upon the rail resistance, without any 
great error. On a properly maintained city system, 
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current returned through other paths than the rails 
should not exceed 25 per cent. This isat least a rough 
measure of the maximum error that might result from 
using rail resistance as the basis for return circuit resist- 
ance. If, however, leakage is known to be approxi- 
mately 25 per cent in the case of a certain line and 
proper correction is made for this in estimating return 
circuit resistance, the error should be quite small so as 
to be practically a negligible part of the total distribu- 
tion: circuit resistance. 

If bonded joints are regularly tested and bad joints 
repaired when found, it is possible to reduce the num- 
ber of joints having an equivalent resistance of less than 
9 ft. of rail to 5 per cent or less of all joints. If the 
percentage of such bad joints be known, it becomes 
possible to determine the rail circuit resistance quite 
accurately, especially if there be proper cross-bonding. 
Welded joints frequently have a resistance less than that 
of continuous rail so that the resistance of such track 
may generally be assumed to be the same as for con- 
tinuous rail. 

The distribution of current in the track circuit will of 
course be the same as in the feeder provided it returns 
only the current of that one feeder. It follows there- 
fore that the the second and third terms of equation (1) 
apply to the track circuit excepting that the resistance 


10.35 
m 


per it. ( in the case of the feeder ) will be 


changed to (G). 

In those instances where the tracks return the cur- 
rent distributed by two or more separate feeders then 
the analysis of each of these separate distribution 
circuits may be made by increasing the track circuit 
resistance in inverse proportion to the ratio of the one 
feeder load to the sum of the feeder loads. 


3. ENTIRE DISTRIBUTION CIRCUITS 
Type (a) Feeder. 


C = 3.67 x 10m Df + 0.001 x Pp D (8:2. 
+G)+8.%6xPLeD(* + @) (2) 


C (min.) = 0.000390 I D \/f (p + 8760 Le 
+2DG (0.001 p + 8.76 Le) 


10.35 
greta) 


B=1D( 


The introduction of G into the equation does not 
change the value of m as previously expressed for the 
feeder circuit. 


Type (b) Feeder. 
C (min.) = 0.000225 I D Vf (p + 8760 Le 


+ 22S 0.001p + 8.76 Le) 
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ID ¢ 10.35 
a or 
Type (c) Feeder. 
C (min.) = 0.000195 I D / f (p + 8760 Le) 


+ HPS (0.001 p + 8.76 Le) 


IDG 


x (10.35) 
B= 1p ie 


4. DISTRIBUTION DISTANCES VARIABLE WITH 
VARIABLE LOAD 


All of the foregoing relations and equations have been 
based upon the assumption that the distributing dis- 
tances are the same at all loads. Even with multiple- 
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unit stations this will rarely be the case, since during 
light loads some stations must be shut down, in order 
to load the other stations up to a point of reasonable 
efficiency. In the case of single-unit substations in 
cities, it becomes necessary to follow the load by varying 
the number of substations in operation, and this 
results in larger distributing distances during periods 
of lighter loads. The effect of this method of operation 
on the above equations will be worked out by an illus- 
tration. 

The accompanying load curve (Fig. 4) shows the 
following of the load by putting on and taking off sub- 
station capacity. It should be possible with remote 
control and careful study of load conditions for the 
chief operator to follow the load quite closely and thus 
to keep all machines loaded to somewhere near rated 
capacity with the consequent high efficiency. It will 
be noted on the load curve that the substation capacity 
has been added in eight steps of 9000 amperes each. 
It will be assumed that each step represents an integral 
number of single-unit substations of uniform size and 
that the load on the different section of the systems 
varies about the same as the composite load curve. 
On a system of this kind with a large number of sub- 
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stations, it is necessary to use uniform section feeders 
between substations because of the shutting down of 
some substations during off-peak hours and the conse- 
quent necessity of feeding these substation areas from 
adjacent stations. Also on such a system the type 
(a) feeder would be used rarely if at all and the type (c) 
feeder would be used only in the outlying sections for the 
deadended feeders. It is therefore proper to assume 
that in the case of sucha system as is being considered 
here, practically all feeders will be type (b) feeders 
(i. e. uniform section and uniformly distributed load). 

Let D (constant) represent the distributing distance 
any one of substation when all substations are operating 
and J the proportional part of the substation rated ca- 
pacity that is distributed through a singlefeeder. In 
this case, let J equal 1000 amperes. Equation (1) gives 
annual feeder cost for constant distributing distance (D). 
This equation may be expressed as 

Ce, =am+b/m +c/m 

In these equations the terms a and b will be the 
same as for constant distributing distance. The 
term 6/m represents the carrying charges on that part 
of the generating plant, transmission line and sub- 
station investment. necessary to carry the peak dis- 


tribution losses. During the peak load the distribu- 
ting distance will be D (as defined above), so that } 
remains unchanged. The value of c, however, will be 
different for variable distributing distances since 
c/m represents the operating expenses for the heating 
losses twenty-four hours per day during which time 
distributing distance has changed several times as 
substations are put on and taken off the line. The 
value of c/m may be determined by dividing the twenty- 
four hours into periods within which the number of 
substations in operation is unchanged. On the accom- 
panying load chart it will be seen that there are eight 
steps to the capacity curve and consequently for this 
case there are eight periods of constant capacity. Each 
of these periods may be treated separately and the 
value of c/m set down. 

For the type (b) feeder c/m becomes : a be- 
cause of distributed load. 

In Fig. 5, Di, Do, D3, ete., represent distributing 
distances corresponding to the eight periods or steps 
into which the capacity curve of the system has been 
divided, J, which is a definite proportional part of the 
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rated capacity of the substation, is of course constant. 
L approaches unity in proportion as the operator is 
able to make the capacity curve approach more nearly 
the actual load curve. During twenty-four hours the 


c 
value of er for the distance D will be the summation 


c 

of the values of - Bi for each of the eight periods as 

follows: 

¢ (10.35) 
(1) Bm 7 4X 2.92 xX PlieDi~ ~~ x D/D, 
casted d (10.35) 

(2) aye = by *2.92 * J? Lee De Saas x D/D, 

ece., 


in which ¢,, to, ¢t3, etc., are the percentages of time 
represented by each period. Hence for the distance D, 
twenty-four hours per day 

ey eee 

3m m 
Thus LZ in the original equation simply becomes the 
weighted average loss factor of the several operating 
periods, approaching unity in value. For the condi- 
tions represented by the load and capacity curves used 
in this illustration L is about 0.90. Looking at the 
problem in a different way, we may say that the feeders 
are fully loaded a much larger part of the time under 
this method of operation than for constant distributing 
distance. From an economic standpoint, therefore, 
larger feeder sizes are warranted because the load factor 
on this copper is larger. With this difference, the 
equations and curves already presented for type (b) 
feeders with constant distributing distance apply to the 
ease of variable distributing distances. 

EXAMPLE: Using the same values for D, e, f, I 
and p, as used in the previous examples for constant 
distributing distance, viz.: D = 7920 ft., e = $0.008, 
f = $0.0186, J = 750 amperes, p = $23.00, and assum- 
ing 0.90 as the value of L 

m = 1,570,000 
Cr (minimum) = $1,690. 
Ex = 19.6 volts. 


haw Fret ve ere ee 


5. GENERATING PLANT, TRANSMISSION LINE AND 
SUBSTATION INVESTMENT 


Generating plant investment is independent of the 
distribution and substation layout, where power is 
supplied from a central station. In making distribu- 
tion calculations, the generating plant investment 
per kilowatt should of course include a proper amount 
for spare capacity. On this basis the investment will 
lie within the limits of $90 and $150 per kilowatt 
(undepreciated) and the carrying charges $11.70 to 
$22.50 per year. 
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The investment in transmission lines will vary greatly 
with the number and size of substations and with the 
arrangement of the lines. It is of course apparent 
that this investment will increase with the number of 
stations. Should the same factor of safety be required 
for each of many small substations as is now required 
of the larger substations, the increase in investment 
would be in some cases nearly in direct proportion. 
This, however, should not be the case since the failure 
of one small substation is of smaller consequence. 
If there be a very large number of substations, for 
example forty or more in a city such as Cleveland, it is 
possible that two substations might be fed safely from 
a single transmission line. It would appear likely 
that a group system could be used to advantage in 
cities with many small substations. This would make 
possible a large factor of safety without an unduly 
large investment in transmission lines. 


In any event it becomes evident that the transmis- 
sion layout must depend largely upon the seriousness 
of a substation failure during the peak load. This 
question may be answered by reference to the voltage 
drop equations that have been given, provided of course, 
that there be the proper amount of copper to meet the 
condition of maximum economy. The limiting con- 
dition will be found in the case of multiple-unit stations 
since the feeder sizes are necessarily smaller than for 
single-unit stations. The proper cross-section for a 
type (b) feeder would in no case be less than 1,200,000 
cir. mils per 1000 amperes. The total voltage drop 
(peak) would be 37 volts (assuming a four-rail return 
circuit, properly bonded or welded, 3 x 10-* ohm per 
ft.) for a distributing distance of 6500 feet. If now a 
substation fails, about the worst condition will be 
doubling the load on the feeder and doubling the distance 
in which case the drop becomes 148 volts. On the 
average city system today there is not the proper 
amount of feeder copper for maximum economy. 
Furthermore, distributing distances are great, generally 
two miles or more. It therefore follows that the shut- 
down of a substation of such a system during the peak 
load becomes a matter of serious consequence resulting 
in trolley voltages so low that it is perhaps impossible 
to handle the traffic. The development of the auto- 
matic substation will without doubt lead to distributing 
distances (for peak load) of 6500 feet or less in larger 
cities. It would therefore appear that the failure of a 
single substation on such a system should not reduce 
line voltages to a point where the operation of cars 
would be hampered. 

It is next to impossible to generalize on the per kilo- 
watt investment in transmission lines. From 25 per 
cent to 50 per cent of the cost of underground lines is for 
conduit. If power is purchased from a central station 
company the investment allocable to the railway load 
will be substantially less than it would be if the railway 
company owned its own generating station and trans- 
mission lines. In such cases the transmission line invest- 
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ment would not necessarily be increased unduly by the 
installation of many small railway substations. In any 
event it is probably fair to say that this cost, including 
the distributing stations of the central station company, 
should not exceed $30 per kilowatt for underground 
construction in large cities even though the substation 
be as small as 1000-kw. capacity. The carrying charges 
on this amount would not exceed $4 per kilowatt per 
annum. The limits for the carryfng charges on genera- 
ting plant and transmission lines (including power com- 
pany distributing stations) may be put approximately 
at $14 and $27 per kilowatt per year. (The term 
“carrying charges” is sometimes used to include standby 
operating expenses; the term is not so used here). 

In this analysis the demand charge of the power 
company, if the railway company purchase power, will 
take the place of the carrying charges discussed above. 
In most cases this greatly simplifies analysis of a par- 
ticular local situation. Similarly the power company’s 
kilowatt-hour charge, will be used in place of “‘opera- 
ting expenses for generating plant and transmission 
lines.”’ 

The item of investment which will vary through the 
widest range with the number of distributing points 
for a given load, is the substation investment. For any 
one size of substation this cost will vary between wide 
limits depending upon the character of building, the 
cost of land, whether the station is single or multiple- 
unit and the character of control. There is as yet 
nothing approaching standard practise. Automatic 
and remote control equipment is still in the development 
stage although its workability has been proved. The 
writers are in accord with the opinions expressed by the 
“Power Generation’” Committee of the American Elec- 
tric Railway Association in its 1921 report? as follows: 

The success of the automatic idea having been proved, the 
principal problem at the-present time is that of deciding on the 
most satisfactory size and number of units for a station, to secure 
the greatest economy while not sacrificing the quality of service. 

Pg. 33. 

: ae he the ideal scheme of installation is to use the small- 
est possible single-unit stations located at relatively short 
distances from each other in a very simple and small building. 
This .type of construction will undoubtedly find much favor in 
the eyes of the rapid transit lines in the small cities where service 
requirements are not so exacting and where the traffic density 
never reaches a point where a service interruption results in a 
more or less large monetary loss. (Pg. 33.) 

Experimental work is now being conducted to find a solution 
on a full automatic basis, for the difficulties outlined above, for 
both machine and feeder control as encountered in Metropolitan 
service. However, where warranted a system of remote control 
superimposed upon that of the automatic control will solve the 
difficulties. By this method the machines could be operated 
dependent upon the balance between the conversion efficiency 
and operating cost per car mile, dependent upon average trolley 
voltage conditions. In this manner the operation of machines 
may be controlled from a dispatching center, simulating manual 
conditions but with greater system flexibility. (Pg. 50) 


3. This committee report contains a good statement of the 
case of substation costs in which are shown the various factors 
determining these costs. , 
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The cost of remote control over telephone wires 
will be so small as to be almost negligible. It need 
not, therefore, be specifically included in this analysis 
although its use, in cities at least, should be con- 
templated. 

The curves of Fig. 6 show in a general way the limits 
of substation investment (without land). The upper 
(multiple-unit) curve is based largely upon Cleveland 
substation costs. The buildings for these stations are 
spacious, and the construction elaborate. The exteriors 
are suitable for residential districts. There are toilet 
and heating facilities and decorative lighting fixtures. 
The lower (single-unit) curve on the other hand repre- 
sents minimum cost based upon the smallest and 
simplest buildings possible. 
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Fig. 6—AutvtomatTic SuBSTATION costs (wiTHOUT LAND), 
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*From 1921 report of A. E. R. A. Power Generation Committee 


Consideration of investment charges involves the 
question of reserve capacity. The per kilowatt invest- 
ment used in an analysis of this kind must be large 
enough to provide for this reserve capacity. The 
amount of such reserve of course depends upon the 
system of rating of electrical equipment. The West- 
inghouse Company rates its synchronous converters 
to permit 50 per cent overload for two hours. This 
amounts to 50 per cent reserve if the installed rated 
capacity is not less than the peak load requirements. 
The argument has been advanced that with small 
single-unit substations it is not possible to have the 
same reserve capacity for any one substation area 
excepting by the installation of a prohibitive amount 
of copper. This is not the case where distributing 
distances are not more than about 6500 ft. and feeders 
are of the proper size. This has already been pointed 
out. If under these conditions one station fails, its 
area will be fed through the tie lines (type (b) feeders) 
from two or more adjacent substations, the reserve 
capacity of which will be more than sufficient to carry 
the additional load. It may be seen from the previous 
equations and calculations that the total distribution 
cost is only 15 per cent more for this type of feeder than 
for the theoretical tapering feeder and in many cases 
this latter type of feeder (type (c)) could not be used 
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regardless of the size or type of substation. Provided 
the saving in any particular case resulting from increas- 
ing the number of substations from a few multiple- 
unit stations to a larger number of single-unit stations 
is large, then the argument of the superior reserve 
characteristics of multiple-unit stations, is no longer 
valid. Indeed the reverse may hold true, because there 
is less chance of the failure of two equipments which 
are several thousand feet apart than of two machines 
in the same station and there may be some simplifica- 
tion of control equipment. 


6. OPERATING EXPENSES OF GENERATING PLANT, 
TRANSMISSION LINES AND SUBSTATIONS 


It should be pointed out here that the value of e 
in the foregoing computations includes all items enter- 
ing into the cost of direct-current power excepting 
interest, depreciation and taxes, and that due allow- 
ance must be made for transformer, transmission 
and conversion losses so that e represents operating 
expenses per direct-current kilowatt-hour at the 
railway substation bus. 

Generating plant operating expenses are independ- 
ent of the distribution layout. Transmission line 
operating expenses will in general vary with the mileage 
in somewhat the same proportion as transmission in- 
vestment. Unless there be a large difference in the 
transmission mileage required for two different dis- 
tribution layouts it is probable that this item of ex- 
pense may be neglected in making a comparison. It 
should not exceed 4 per cent of operating expenses even 
for very small substation installations. 


The total converter substation operating expense 
(including maintenance) for the Cleveland manual 
substations is less than $0.0009 per d-c. kw-hr. Of 
this amount, approximately 30 per cent is for mainte- 
nance and 10 per cent for supplies; the remaining 60 
per cent is for operator’s wages. These figures are 
fairly typical, excepting that the labor cost is somewhat 
low because of large capacity stations. In the case 
of automatic control this last item is eliminated except- 
ing for the labor of inspection and cleaning. This, 
together with maintenance, will increase somewhat 
with an increase in the number of substations used to 
serve a given load. For one thing, employes will 
have to spend more time in going from one substation 
to another. The transportation cost for men and sup- 
plies will also increase. The average manual sub- 
station capacity in Cleveland is approximately 6000 
kw. for which the operating costs, exclusive of operators’ 
wages are approximately $0.00036 per kw-hr. If the 
total operating expenses be assumed to be $0.008 per 
d-c. kw-hr., which is a low figure, then substation 
operating expense will be only 4.5 per cent. Approxi- 
mately half of this amount is for labor and the rest 
for supplies and materials, the cost of which should 


‘not change appreciably for a larger number of small 


substations. Should the Cleveland system be supplied 
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with power from forty 1000-kw. substations, it is 
conceivable that the labor cost for maintenance and 
inspection might increase the total substation operating 
eost to 7.0 per cent. This would mean more than 
doubling present maintenance labor costs. Due to 
the fact that the automatic substation has not as yet 


EFFICIENCY 


50 75 100 
PERCENT OF RATED CAPACITY 


Fic. 7—ComMBINED EFFICIENCIES 


Three phase, 60-cycle synchronous converters, with three single-phase 
transformers (Westinghouse). 
Ratings based on 50 per cent overload for two hours, starting hot. 


come into general use, it is impossible to present pre- 
cise data on operating costs. The above figure is 
only a guess as to an upper limit. 

Another factor requiring consideration in a study 
of this kind is substation efficiency. Presumably at 
the time of peak load all substations will be operating 
at approximately full rated load and consequently 
at about maximum efficiency, no matter what scheme 
of layout may be determined upon. The combined 
efficiency of Westinghouse railway 60-cycle converters 
with their transformers increases about 2.5 per cent 
from one-half to full load. This range is somewhat 
less for the larger sizes (over 1000 kw.) and somewhat 
greater for the smaller sizes. Should the distribution 
system be so laid out as to necessitate operation of 
converters at an average of 75 per cent of rated load 
instead of full load, there would be a loss of 1 per cent 
of operating expenses per kilowatt-hour. If these 
operating expenses be $0.008, then for cities the size 
of Cleveland, or Detroit or St. Louis, this loss would 
amount to about $11,000 per year. It will be seen 
that this is small in comparison with total distribution 
costs. It is possible in some instances that smaller 
distributing distances and consequent decreases in 
distribution cost might justify the operation of certain 
substations at considerably less than rated capacity 
during off-peak hours instead of shutting down the 
substations and thereby increasing the distributing 
distances. 

There is a considerable difference in the efficiency 
of converters with their transformers between the small 
and large sizes. The Westinghouse 300-kw. converter 
with transformers is 1.4 per cent less efficient than the 
1000-kw. equipment at full load and 1.8 per cent less 
at one-half load. There is less difference between the 
larger sizes. In determining upon a distribution lay- 
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out and consequently upon the size of converters this 
difference in efficiency must be considered. Suppose 
for example one layout calls for twenty-one 1000-kw. 
single-unit stations with an average distributing dis- 
tance of 6000 feet and that the distributing cost figured 
out to be $56,000 per year; and another layout calls 
for seventy 300-kw. stations with an average distri- 
buting distance of 2500 feet so that the distributing 
cost was found to be $22,000. With a load factor of 
40 per cent and power operating expenses of $0.008 
for both cases, this difference in size of equipment 
alone would add more than $8,000 to the cost of power, 
which would be an offset to the saving in distribution 
cost. It must, of course, be borne in mind that other 
factors such as increased carrying charges and operating 
expenses may serve to increase the cost of power 
used by the cars to such an extent as to counterbalance 
the above apparent saving in distribution cost. 


7. ECONOMICALLY CORRECT SUBSTATION LAYOUTS 


We are now confronted with the application of 
the several principles and relationships set forth 
above, to specific cases with a view to determining the 
most economical layouts. Specifically, the problem is 
two-fold, (1) character of substations, 7. e., multiple- 
unit or single-unit; (2) spacing and consequently the 
size of substations. Several typical examples will be 
considered. These examples are perhaps less complex 
than the average actual case. They will, however, 
make possible the formulation of some general con- 
clusions which, it is hoped, will prove of value in the 
solution of the practical problems of distribution. 


post fi oat ea eset 


@ -1000 Kw. Sub-station. sities > me 
Solution (a) Power Company's 
Sub-station. 


; yal ers 4 Miles a ae ae Fei j2 Mi 
I 


@ -200 Kw. Single Unit Sub-stations. 


ial 
Power Company's 


Solution (b) Sub-station 


Fig. 8—SINGLE INTERURBAN LINE 


Schedule speed, 20 miles per hour. 
Peak headway 12 minutes. 
Number of cars on line. eight (peak). 


(a) Single Lines 


CASE 1. Single Interurban Line. (See Fig. 8). 
Length—16 miles, single track, open country. 
Maximum load (with one substation) 1000 kw. 
640 volts. 

Load uniformly distributed over line. 

Load Factor 35 per cent. 

Loss factor for system 20 per cent. 

High resistance roadbed—crushed stone ballast, 
exposed rail, bonded joints, 90-Ib. rail. 

No negative feeders. 
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Power purchased, delivery high-tension (22,000 
volts) at power company’s distributing sub- 
station. 

Power rates— demand charge: flat rate 1.25 per 
kw. per month. 

Kilowatt-hour charge: flat rate—$0.0075. 

Substations, full automatic. 

Cost of feeder in place—$0.155 per Ib. 

Solution (a) One 1000-kw. substation at middle 
of line, two 500-kw. units. 
Cost of substation ($50.00 per kw.)........ $50,000 
Cost of transmission line 


4 miles—$2100 per mile (includes poles) 98,400 

8 miles—$1200 per mile (using trolley 
POLES Fete ccc AN aaa "Be 9,600 
$68,000 


or $68.00 per kw. 

Carrying charges at 14 per cent—$9.52 per 
ewe Det: VEate ec 0 SER Pe ocd dae os tee «h. 
Transmission and substation efficiency at 
peak load = 838 per cent. Hence 
demand charge per d-c. kw-hr. is $1.50 

per month or $18.00 per year (1.50 

SE AO RO SO: Oe Se Ree oes 
Total carrying charges on generating plant, 
transmission line and substation....... 
Operating expenses up to purchased power 
delivery point (kw-hr. charge)—a-c.... $0.0075 


Operating expenses (kw-hr. charge)—d-e.... 0.00927 
(Efficiency of transmission and sub- 
station—81 per cent) 

Transmission line and substation operating 
expenses per kw-hr.—d.c.............. 0.0012 

$0.01047 


Le = 0.002094 

Type (b) feeder cross-section (from curves) 780 amperes 
= 1,187,000 cir. mils. (one 1,000,000-cir. mil 
cable and 3/0 trolley) 

Peak feeder drop‘ (8 miles = 144 volts 

Rail and ground resistance (G) (2 rails) = 5.5 x 107° 

ohm per foot. 

Peak distribution circuit drop* = 235 volts 

Minimum line voltage = 640 — 235 = 405 volts. 

It should be pointed out that the condition of uni- 
form distribution is satisfied over a period of time 
(7. e. car headway or longer period) but never nstan- 
taneously. Hence the above minimum voltage will 
not be the lowest instantaneous voltage. . Were there 
a very large number of cars on the line, these two 
voltages would be practically the same. With eight 
cars, two miles apart and one of them at the end of the 
line the minimum instantaneous voltage would be 345 
volts. It is possible to operate the average interurban 
ear at this voltage. 


4. Average during peak period, 7. e., corresponds to 780 
amperes uniformly distributed. : 
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The minimum annual cost of distribution for the 
entire sixteen miles of this interurban line is $18,000 
(determined from the equations), based upon the type 
(6) feeder. Had this been a type (c) feeder (i. e., 
tapering section) the theoretical minimum cost would 
have been $1,840 less. Hence the cost would be 
between $16,160 and $18,000 depending upon the 
number of steps by which the section of the feeder 
be decreased between the substation and the end of the 
line. The actual cost would be about $17,000. 


Solution (b)—Four 200-kw. substations, one 200- 
kw. unit per station. 
Cost of substations ($70.00 per kw.)......... $56,000 
Cost of transmission line 


4 miles—$2100 per mile............... 8,400 

14 miles—$1100 per mile............... 15,400 

$79,800 

$100.00 per kw. 

Carrying charges at 14 per cent............. $14.00 
Transmission and substation efficiency at peak 

load—82 per cent, demand charges....... 18.28 

Total carrying charges......... $32.28 


During the peak load period all substations will 
operate continuously at about full load since there 
will always be two cars in the distributing zone of each 
substation. During the off-peak periods the load may 
be carried in one of two ways. One or two of the 
substations may be operated continuously distributing 
over correspondingly wider zones, or all four substa- 
tions may be operated intermittently as cars pass 
through their zones, by means of the low-voltage 
relays. Under the first plan distributing cost will be 
higher and under the second plan substation operating 
efficiency will be lower. Both plans will be considered 
here. 


Assume that as the system load decreases, substations 
are taken off the line in the following order: No. 2, 
No. 4, No. 1, and No. 3. It should then be possible 
to keep each substation loaded on the average to at 
least 70 per cent of rated capacity. Whatever this 
average loading may be it must necessarily be sub- 
stantially better than in the case ofa single substation 
having two 500-kw. units. At full load the difference 
in efficiency on account of size of units will be about 
1 to 2 per cent. The difference in efficiency due to the 
machines being loaded on the average to different 
percentages of rating will be of this same order, but 
if anything a little less. It is probable, however, that 
the net difference in substation efficiency between the 
larger two-unit station and the four smaller single-unit 
stations (operated under the plan of taking stations 
off the line as the load decreases) will be less than 1 
per cent. Transmission line efficiency will not be 
different for solution (b) as against solution (a) since 
the average distance is the same. The combined 
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transmission and substation efficiency will therefore 
be taken at 80 per cent. 

The item of transmission line and substation opera- 
ting expense will be increased as against the cost for 
the single two-unit station. There will be six miles 
more transmission line and the cost of inspection and 
maintenance of substations will be greater for reasons 
already pointed out. This item will, therefore, be 
taken at $0.0014 per d-c. kw-hr. Thus total operating 
expenses become $0.01080 per d-c. kw-hr. as against 
$0.01047 for solution (a). 

Loss factor will be taken at 0.60. Le is, therefore, 
0.0065. Type (b) feeders (7. e., uniform cross-section) 
will necessarily be used between substations in this 
solution because of the method of operating the sub- 
stations. For the sake of simplicity, uniform section 
feeders will also be used on the two dead-ended sections 
at either end of the line. 

Peak distribution losses for solution (a) will be 


P 10.35 

0.001 ~~ D( +G) =H. = 2x 0.001 
7802 oe ( 10.35 5 5 

Jura gm eowears 1,187,000 * °° 


x 10-* ) = 247 kw. = 24.7 per cent 


The power used by the cars in solution (a) is therefore 
1000 — 247 = 753 kw. 
The peak distribution losses in solution (0) will be 


H, = 8 x [ 0.001 x g— x 2 x 5280 (2? 


455x105 )] 
in which m = 0.5771 


2820 p + 24.7 X 10° Le 
; 


10.35 7 
Sp" + 5.5 x 10-*) 
¥ 640 x 8 

- (1 X 1000 


m = 322,000 cir. mils 
(including trolley) 


= 2122] 
Hence H, = 28.2 1° ( 


) ~ 753 
I = 151.8 amperes. 


H, = 24.4 kw. 

Total power = 24.4 kw. + 753 kw. = 777.4 kw. 

H, = 3.14 per cent. 

The minimum annual distribution cost for the 16 miles 
becomes: 


C (min.) = 8 [ 0. 000225 xX 151.8 (2 X 5280) X 


/ 0.0186 (82.28 + 56.94) + 
151.82 x (25280) X5.5 x 10-8 i 
EET o oo TE ORES VER LOE Oe 
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(0.001 x 32.28 + 8.76 Xx 0.0065) | = $4008 


Following is a comparison of the total power costs 
for solutions (a) and (6): 
CoMPARISON OF ToTaL PowrR Costs 


Solution (a) 
Power actually used by ears: 


Investment charges—753 X $27.52......... $20,722.00 
Operating expenses—2,300,000 x 0.01047... 24,081.00 
$44,803 . 00 
Distributionrcosty = 2) seraeen cee eee ee 17,000.00 
$61,803.00 

Solution (b) 

Power actually used by ears: 

Investment charges—753 X $32.28.......... $24,307.00 
Operating expenses—2,300,000 x 0.0108..... 24,840.00 
$49,147.00 
Distribution! costtce. . see 2Se Ack ee tee 4,008 .00 
$53,155.00 
Saving in favor of solution (b).................. $8,648 .00 


If, instead of cutting some of the substations off the 
line entirely, during off-peak periods, all substations 
be operated by the low-voltage relays so as to start 
up when a car comes within their distributing zones, 
then the above figures for solution (6) must be changed 
somewhat. In the first place, the average substation 
efficiency will be lower by reason of the stopping and 
starting losses. The difference is probably of the order 
of 5percent. To offset this there is some saving in cost, 
since the distribution distances during the off-peak 
periods will be the same as during the peak periods. 
Expressing this in the mathematical terms that have 
been used above, loss factor (LZ) becomes 0.20 instead 
of 0.60 as used for the other method of operation. 


m = 0.5771 ee 


= 1607.61 


10.35 


Hy = 28.21 ( rig + 3-5 X10- ‘) 


_ x 640 x 8) 


1000 os 


I = 153.1 amperes. 
H, = 31.23 kw. 
Total power = 31.23 + 753 = 784.23 kw. 
A, = 3.98 per cent 
Comin) = $8054 or $955 less than for the other method 
of operation. Operating expenses per d-c. kw-hr. 
become $0.0114 or an increase of $0.0006 
2,300,000 x $0.0006 = $1380. 

It is apparent that in the case under consideration 
there is very little difference in cost between the two 
methods of operating. Under such conditions it would 
perhaps be better to adopt the first method (viz. cutting 
some stations off the line entirely during light load 
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periods rather than having these stations operate 
intermittently as cars come within their zones), for 
the reason that the additional copper provides that 
much larger factor of safety and also because the 
intermittent operation is somewhat harder on equip- 
ment. 

It is apparent that a still further decrease in the size 
of substations, while perhaps netting some slight saving, 
would probably be unwise since the machines would 
be too small to carry the heavy swings when there are 
two cars in a distributing zone. E 

Total Power Cost as a Function of Distributing 
Distance—Single Lines. 
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Fig. 9—ANNUAL Costs 
One-mile double track. 
Uniform traffic. 
Power consumption by cars, 260 kw. peak. 
Return circuit resistance = 2.5  10—® ohms per foot 
Feeder investment, $0.155 per Ib. 
D-c. bus voltage = 600 
Type (b) feeder. 


Curves A—two-mile double track power consumption by cars, 


130 kw. peak per mile. 


In Appendix III the equation for D in terms of the 
other variable factors is derived for type (b) feeder. 

This relationship is presented in the form of curves 
(Fig. 9). These curves serve to show the relation 
between distributing distance and total annual cost 
of power for one mile of track on which there is a 
uniform distribution of traffic. It will be noted that 
the curves have been drawn for several different values 
of p (generating plant, transmission line and sub- 
station investment carrying charges), for different 
values of e (operating expenses) and for different traffic 
densities (viz., 130 kw. per mile and 260 kw. per mile). 
From these curves it is possible to generalize to some 
extent upon the question of how far we may go in 
reducing distributing distances and still make for 
saving in power cost. Take for example the curve for 
which p = $24, e = 0.008, L = 0.25,.G. = 2.5.x, 107%, 
and power used by cars is 180 kw. per mile. Were it 
possible to reduce distributing distance on the single 
line under consideration from 18,000 feet to 5,000 
feet by the installation of additional substations, but 
without increasing the per kilowatt investment or the 
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operating expenses, the saving would be $420 per year 
per mile of track. As a matter of fact, the investment 
per kilowatt would increase with the number of stations, 
and the question arises how far may we go in increasing 
investment per kilowatt and still produce a saving in 
the cost of power. Provided operating expenses 
remain substantially the same, it is clear that » may be 
increased to $27 per kilowatt per year before the savings 
from decreased distance would be offset by increased 
carrying charges. The increase is $3 which capitalized 
at 14 per cent, amounts to $21.40. Investment in 
generating plant will presumably be the same for all 
solutions of this distribution problem. Hence we may 
spend up to $21.40 per kilowatt on transmission lines 
and substations before the saving is wiped out. Sup- 
pose now that for a particular railway system, or better 
yet, for a particular section of this system a 4000-kw. 
multiple-unit station will be sufficient to feed an area 
such that the distributing distance on the several 
single lines in this area will be 13,000 feet. Suppose also 
that the system be such that a 1500-kw. multiple-unit 
station will be sufficient to feed an area such as to 
make the distributing distance 5000 feet. According 
to the curve for multiple-unit substation costs the 
difference in cost would be-about $15 per kilowatt. 
Suppose now that the increase in transmission line 
investment is $3 per kilowatt, making the total increase 
$18 of which 14 per cent amounts to $2.52. By 
interpolation between curves it may be seen that the 
cost of power for the one mile of track will be approxi- 
mately $7330 as against $7420 for the larger substation. 
The difference is $90 per year. If operating expenses, 
after taking account of any difference in transmission 
and substation efficiency, be substantially greater per 
kilowatt-hour for the smaller substation, then the 
above saving of $90 per mile will be correspondingly 
less. A difference of 1.5 per cent in the substation 
efficiency would more than offset this $90. 

The above analysis is based upon constant distribu- 
ting distances twenty-four hours per day. Should 
single-unit stations be contemplated, some of which 
would be shut down during off-peak periods, the curve 
or equations for a loss factor (L) of say 0.60 or more 
would be used. 

The above example serves to show that the margin 
of saving is small for the range of distributing distances 
that would obtain in large cities. It shows that the 
investment in transmission lines and substations must 
be held down to bed rock minimum if there is to be any 
appreciable saving in the total cost of power. Further- 
more, it is evident that the efficiency of equipment and 
all other factors entering into the total operating ex- 
penses per direct-current kilowatt-hour must be care- 
fully weighed before the adoption of small units. 

In weighing these questions of cost there is another 
factor which must not be forgotten. Many railway 
companies have found it necessary to make compara- 
tively large investments in insulated negative feeders 
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and in other provisions for reducing stray currents and 
the consequent electrolytic corrosion of underground 
structures. In the foregoing analysis no account has 
been taken of negative feeders or other special mitiga- 
tive measures. In some instances this item of cost 
has been large. The City of Winnipeg has recently 
installed the three-wire system of distribution in order 
to comply with a law recently passed by the Province 
of Manitoba which limits the allowable track drops. 
In considering the merits of a large number as against 
a small number of substations, this factor must be 
given weight. If electrolysis is a serious matter in a 
particular locality, it may prove the deciding factor in 
favor of the larger number of substations. 


(b) City Networks 


It is not possible within the limits of a paper of this 
kind to analyze comprehensively the entire system of 
any one large metropolitan city. Even if this were 
possible it would be of doubtful value. In lieu of 
such an analysis, a simple illustration will be used in 
which the values used for the different determining 
factors are typical average values for cities such as 
Cleveland (or Detroit or St. Louis). Were a careful 
analysis made for a particular city, it would be necessary 
to treat each line separately and to find total costs 
by adding up these single line results. Hence if we 
would generalize, it is perhaps sufficient to treat a single 
line on which average conditions obtain. 


If the railway system be a single line (an interurban 
for example) or, if a city network, be considered as 
composed of single lines so that each substation feeds 
in two directions only (7. e., one dimension) then dis- 
tributing distance will be inversely proportional to 
the number of substations in operation. If the rail- 
way system be a very dense network so that every 
substation feeds in four directions or in effect feeds an 
area rather than a single line, then distributing dis- 
tance will be inversely proportional to the square root 
of the number of stations. In the case of a large city 
network the relationship between distributing distance 
and number of substations will be somewhere between 
the two extremes set forth above, and as the number 
of substations is increased the relationship for single 
lines will be more nearly approached. 


In the present example distributing distance has 

been found from the formula: 
D = K X (Substation Capacity)°-7 

This formula expresses approximately the conditions 
in Cleveland. It is half way between the relationship 
for a single line and that for a very dense network or 
area. 

CASE 2. Heavily loaded metropolitan system. 

Excepting purchased power rates the following values 
are approximately correct averages for Cleveland. 
In place of Cleveland power rates more typical values 
are used. . 
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1. Average peak power required per mile of 
double track—260 kw. or 0.0492 kw. per ft. 

. Substation bus voltage—600. 

. Yearly load factor—0.40. 

. Yearly loss factor for system—0.25. 

. Demand charge at power company’s distri- 
buting substations—$1.00 per kw. per month. 
(Unity power factor). 

6. System power factor unity. 

7. Kw-hr. charge at power company’s distributing 

substations—$0.006.. 


8. Type (b) feeders only. 


9. Effective return circuit resistance (G) = 2.5 X 
10-* ohm per ft. 
The total annual power cost for one mile of track 
will be determined for the following cases: 


oe & DO 


Distributing 
Substation Capacity Units Distance 
(a) 6,000 kw. 4—1,500 12,000 ft. 
(b) 4,500 “ 3—1,500 9,800 “ 
(e) 3,000 “ 2—1,500 7,500 “ 
(d) 1500" 1—1,500 4,700 “ 


Substation efficiency at peak load will be the same 
for all of the four different arrangements. It will 
be taken at 94 per cent. Transmission line efficiency 
should also be about the same for all solutions since 
the mean distance to substations in a particular dis- 
trict should not-vary greatly for a larger number as 
against a small number of stations. This will be 
assumed to be 97 per cent. Thus generating plant 
carrying charges per kilowatt (direct-current) become 


$12.00 
0.94 X 0.97 


for losses) 


It will be assumed that the average distance from 
the power company’s distributing station to the railway 
substations will be substantially the same for the dif- 
ferent layouts. This distance will be taken at two 
miles and the following transmission line capacities 
will be used: 


(a) 6000 kw. substation 3—4/0 cables 


= $13.16 (7. e. demand charge corrected 


(b) 4500 « ait cogent somal 
(c) 3000 « «2-4/0 9 « 
(d) 1500 « « quips /quesent 


The cost of cable ducts will vary from $0.50 per duct 
foot for nine duct banks to $1.25 per duct foot for 
three duct banks. As the size of substations is de- 
creased, and in consequence the number increased, it 
will not be possible to utilize to the same extent the 
main artery duct subways of the power company, with 
the result that the cost per duct foot will be greater 
for the smaller substations. The following costs per 
duct foot will therefore be used: (a) $0.65; (b) $0.77; 
(ec) $0.89; (d) $1.00. To these costs will be added 
$0.15 per foot for pulling and splicing and the cost of 
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the cable itself which will be taken at $1.45 per foot for 
4/0 cable and $1.11 per foot for 2/0 cable, both being 
three-conductor lead-covered 11,000-volt cables. Thus 
the investment in transmission lines per kilowatt of 
substation capacity becomes: (a) $11.91; (b) $14.29; 
(ec) $17.58; (d) $18.30. In the case of the 1500 kw. 
station there is no duplicate service but in this case 
the distance between substations is small and the shut- 
ting down of one substation is not, therefore, of serious 
consequence for reasons already pointed out elsewhere. 

The average efficiency of transmission lines over a 
period of time will be about 98.5 per cent. This will 
not vary appreciably for the several solutions to be 
compared here. 

Solution (a)—6000-kw. station-four-1500-kw. units. 

It would not be economical with the present cost 
of automatic control to operate a station of this size 
automatically. The same holds true for solution (0). 
Manual control will therefore be assumed for these two 
cases and automatic control for solutions (c) and (d). 
Investment carrying charges per d-c. kw.: 


Purchased power demand charges........ $13.16 
Transmission lines 11.91 x 0.14 ........ L167, 
. Substation (manual) 30.00 x 0.14....... 4.20 
ROLAND ip Meet amotere rete eso Site «ng. $19.03 


Operating expenses per kw-hr.—d-e.. 

With four machines it should be possible to 
keep load on each machine near capacity 
with resultant high efficiency, 7. e., 91 
per cent. 

Purchased 


0.006 
0.985 x 0.91 


Substation and transmission line operation 


power kw-hr. charge— 


0.0067 


0.0011 


BE OL RING hdd dist on aetnat arenas. Pyare 0.0078 
The substation will be operated twenty-four hours per 
day and distributing distance will be constant. Hence 
L for the distribution system may be taken as 0.25. 
Annual cost (from curves) for one mile of 


CRORUCNE EAC toace Sakti te eel Bite ace ke $138,270 
Solution (b)—4500-kw. station—three— 

1500-kw. units. 

Investment carrying charges per kw.—d-c. 

Purchased power demand charge..... $13.16 
Transmission lines 14.29 x 0.14....... 2.00 
Substation (manual) 34.00 x 0.14...... 4.76 

SOCAL ey Fh) cree) cleans eget eet arent $19.92 
Operating expenses per kw-hr.—d-c. 
Average substation efficiency—90.5 per 
cent. 
Purchased power kw-hr. charge 
0.006 
= 0.985 X0.908 To 0.00674 
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Substation and transmission line opera- 
Teche eg ae an See Ss ee 0.00120 
pOtal, Game ange. tee 7 Stn Se tes 0.00794 


The substation will be operated twenty-four hours per 
day and distributing distance will be constant. L 
= 0.25. 

Annual cost (from curves) for one mile of 
doubletrach:< <i x1 lroecetigey tote, Oe oe 
Solution (c)—3000-kw. | station, 

units, automatic—remote control. 
With substations of this size it is not desirable to 

operate all substations during the light load periods 
because to do so would mean a sacrifice of substation 
efficiency that would more than offset the difference in 
distribution cost. It should be possible to obtain an 
efficiency of 90.5 per cent by cutting out altogether 
some substations during the light load periods, that 
is, to equal the efficiency of the 4500-kw. station opera- 
ting twenty-four hours per day. This performance 
cannot, of course, be had if there are very heavy load 
fluctuations and the machines are allowed to start and 
stop many times per day. This starting and stopping 
may easily result in an efficiency decrease of 5 per cent 

which under no circumstances can be justified on a 

large city system for it would be better and cheaper to 

use larger stations and distribute longer distances. 

Unless the load conditions be very unusual it should be 

possible to start and stop machines by remote control only 

as the regular system load increases or decreases. This 
method of operation will be assumed both for this 
solution and for solution (d). Inasmuch as the sub- 
station may be shut down a part of the time (e. ¢., 
during the early morning hours), loss factor (LZ) will 
be greater, that is, the feeders will be loaded more 
during the light load periods than they would be if 
all substations were operated continuously. The exact 
value of L for a case such as that under consideration 
may of course be found for any particular load curve 
and plan of operation. It will suffice here to assume 
a value of 0.40. 
Investment carrying charges per kw.—d-c. 


$13,380 
two—1500-kw. 


Purchased power demand charge......... $138.16 
Transmission lines 17.538 K 0.14. ...... 2.45 
Substation (automatic) 438.00 x 0.14 
(heating, toilet facilities, etc. elim- 
TTIACOG co cakes Sores ee ede ee 6.02 
Bb 2 YP Sas eet pe eon e $21.63 


Operating expenses per kw-hr.—d-e. 
Average substation efficiency—90.5 per 


cent 
Purchased power kw-hr. charge 
0.006 
0.985 X0.90B cee 0.00674 
Substation and transmission line opera- 
COTE ace ee ee area eee tea «a4 Os UUUSD 
Protah i eae ee eso oe ain 0.00759 
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Annual cost (from curves) for one mile of 


donble track: 5 eae, sen ee ee $13,300 
Solution (d) 
Investment carrying charges per kw.—d-c. 
Purchased power demand charge......... $13.16 
‘Transmission lines 18.30 K 0.14....... 2.00 
Substation (automatic) 58.00 x 0.14.... 7.42 
TOtal (= 00. sca ance oe co. 14 


Operating expenses per kw-hr.—d-c. 
Average substation efficiency—89 per 


cent 
Purchased power kw-hr. charge— 
0.006 
0.985 X 0.89 cit 0.00685 
Substation and transmission line opera- 
MOM at rae Petey eaten iy ire 0.00090 
Ea ad 3 OD ahd grea Pret ocpe) A Synton 0.00775 


In this case loss factor (L) will be considerably increased 
over the value used in solution (c) since many of the 
substations will be operated only through the peak 
(see Fig. 4.) L will be taken at 0.60. 
Annual cost (from curves) for one mile of 

WIOUBIC. DRACK Sete ne vice ce eet ae ee $13,650 

The foregoing calculations are all based upon the 
type (b) feeder since it is the most common. It is 
hardly necessary to repeat for the other types since the 
only effect would be to increase or decrease distribution 
costs and therefore change slightly the slope of the 
curves without materially changing the relative results 
of the several solutions. It is believed that whatever 
conclusions that may be drawn from these figures will 
apply equally to a system employing all types of feeder. 


8. CONCLUSIONS 


(a) The economically proper size of feeder where, 
as in cities, distributing distances are at most three or 
four miles, is such that the maximum voltage drops are 
too small ever to interfere with proper operation of 
ears. The difference in total annual cost between a 
properly proportioned feeder system and one designed 
to give the minimum voltage for satisfactory car opera- 
tion is considerable, and should warrant a fairly 
careful examination of feeders and their loads at suffi- 
ciently frequent intervals to permit proper changes 
from time to time to take care of changing 
conditions. In general it may be said that in cities 
sufficient feeder copper is not used. This does not 
hold true to the same extent for interurban lines where 
distributing distances are great because economically 
proper trolley voltages more closely approach the 
minimum voltages necessary for car operation. This 
was brought out in the analysis for the single inter- 
urban line. 


(b) The economic justification of the automatic 
substation is a reduction in distribution cost. In other 
words, the only reasons for adopting automatic con- 
trol is to permit the use of small substations (3,000 kw. 
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or less), because for such small substations the operating 
costs for manual control are prohibitive. The addi- 
tional investment for automatic control is warranted 
approximately in proportion to distributing distance. 
Its principal field is, therefore, the interurban railway 
or long rapid transit line and also long electrified steam 
roads. In cities, on the other hand, the economic 
advantages of the automatic substation are relatively 
small because distribution cost is a correspondingly 
small part of total cost. For this reason automatic 
substation efficiency is of particular importance on 
city systems. A reduction of 2 or 3 per cent in the 
efficiency for automatic as against manual control 
may more than offset any saving that results from de- 
creased distributing distance. The efficiency of auto- 
matic substations varies through wide limits for differ- 
ent load conditions ard for different methods of opera- 
tion. 

(c) In a city district in which there are wide fluctu- 
ations in load, and in which full automatic control 
is used so that machines are started and stopped en- 
tirely by line voltage and load conditions, the average 
efficiency of a substation over a period of time may be 
reduced by as much as 5 per cent largely because of the 
frequent starting and stopping of machines. In many 
such cases it should prove far better to start and stop 
machines by remote control according as the average 
trend oftheloadisupordown. This may mean that the 
machines will be in operation for many short periods 
during which the load is far below their rated capacity, 
but even so, the reduction in efficiency resulting from 
such operation at a low percentage of capacity, will 
be of a smaller order than the reduction that may 
result from starting and stopping. If such a method 
of operation results in an average efficiency decrease 
of say 2 per cent or even less, it may be found more 
economical to shut down the substation altogether 
during off-peak periods. Thus it is apparent that the. 
method of operation to be adopted and the substation 
efficiency that will result from such operation, must be 
thoroughly analyzed; otherwise, the use of the auto- 
matic substation may serve only to increase the cost 
of power. It is believed that in large cities it will 
prove necessary to adopt some form of remote control 
in conjunction with automatic control. 

(d) The principal limitations in the reduction of 
substation sizes by means of automatic and remote 
control are (1) investment, (2) substation losses, (3) 
substation maintenance. In cities these factors may 
be increased only within very narrow limits without 
increasing the total cost of power. In such cities as 
Cleveland, it is doubtful if the capacity of substations 
can be profitably reduced below 3000 kw. with the 
control equipments now available for full automatic 
control, commencing at the incoming supply line and 
extending throughout the entire substation operation. 
It has been repeatedly pointed out that to produce an 
efficient result, some form of remote control will prob- 
ably be required in order to prevent an excessive amount 
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of starting and stopping and the consequent loss in 
efficiency. Within the range of substation sizes con- 
sidered in this paper for metropolitan systems (6000 kw. 
to 1500 kw.) the variation in total cost of power per 
mile of double track is small. There are, of course, 
some distinct advantages to be had by installing small 
capacity substations of say less than 3000 kw. These 
are principally the mitigation of electrolysis, and under 
certain conditions an increased factor of safety. Mea- 
sures for the mitigation of electrolysis are receiving 
more and more attention. In a large substation 
having several units, trouble in one machine at peak 
load may result in failure of the entire station, whereas, 
if this capacity be separated by several thousand feet 
of feeder copper, trouble on a machine of one sub- 
station is much less apt to be transmitted to another 
machine in the adjacent substation, since the connect- 
ing circuit serves to damp out the surge. 

The fact that the 3000-kw automatic substation 
in the examples cited apparently effects very little if 
_any saving in the total cost of power as compared 
with the 4500 kw. or 6000 kw. manually controlled 
substations, is due to the increase in investment, sub- 
station losses, and increased maintenance, which just 
offset the savings in the cost of distribution. If, there- 
fore, any substantial saving in the total cost of power 
is to be had by the smaller sizes of substations, auto- 
matically controlled, it will be necessary to reduce 
substation losses by improving methods of control. In 
the opinion of the writers, this should not be done 
by imposing upon a full automatic control substation 
additional remote control appliances. The complex- 
ity of such an arrangement is extremely undesirable. 
It is proposed that this result may perhaps be 
best secured by providing the simplest form of semi- 
automatic control substation, comprising a_ trans- 
mission line directly and permanently connected 
to the substation transformer primary circuit, 
and a synchronous converter arranged to start auto- 
matically from the transformer secondary circuit when 
the same is energized. This simplified semi-automatic 
control substation is absolutely under the manual 
control of the operator at the supply station and if the 
capacity of the substation be determined with regard 
to the economical capacity of the high-tension supply 
line, it may well be a single-unit station. On the other 
hand, if the reduction in capacity is carried to a point 
beyond this, a further division of a substation into 
smaller sizes may be had by grouping two such smaller 
substations on one economical supply line. Provided 
this method of control can be developed in a practical 
way, and there appear to be no serious obstacles, then 
there should result a substantial saving in the cost of 
power for substation sizes under 3000 kw. with the 
consequent advantages in the mitigation of stray cur- 
rents and additional factor of safety as previously 
pointed out. 
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(e) Inasmuch as even a small difference in substation 
maintenance cost may be the deciding factor in a 
comparison between two distribution layouts, the 
standardization of substation equipment with the resul- 
tant economies is a matter of importance. While in 
some cases it may, at first thought, be desirable to use 
large units in the congested districts of a city and much 
smaller units in the outlying districts, it is quite possible 
that such an apparent advantage may be offset by an 
increase in maintenance expenses. The mechanism 
of the automatic substation is exceedingly complex and 
it is necessary to keep on hand a very large variety of 
spare parts, the investment in which is no small factor. 
If it be possible to adopt a standard size of unit and a 
standard control layout to be used in all substations, 
there will be an appreciable saving in the investment 
for spare parts. Furthermore, it is probable that 
maintenance labor may be reduced by such standardi- 
zation. It is difficult to find and train good mainte- 
nance men and this difficulty would be substantially 
increased by the use of machines of various sizes and 
different control layouts. 


Inasmuch as the heating losses in return circuits 
increase as the square of the current, it is apparent 
that smaller distances in the congested districts of a 
city and the consequently smaller track currents, are 
justified. If a substation of standard size be adopted, 
it would, of course, be necessary to space substations 
at smaller intervals in the congested districts than in 
the outlying districts. Other things being equal, 
this would be quite proper for the reason set forth above. 


Appendix I 


In equation (1) for total annual cost for type (a) 
feeder the heating loss is 


Tae) 


but for the type (b) feeder in which the load is uni- 
formly distributed, heating loss is 


Dp 
L/3 ( = ), 
or D p 
(0.5771)? 
: ; Iz 
since (= D 


where x is the distance from end or neutral point to any 
point on feeder and 


. dx 
heating loss = {ay Piste. 


0% 


432 


va( 22) 


Appendix IT 


; 1% 
2 rah | a 
Mm x 
eS aia 
meer PD 
loss = aot = yi [eae 
0 0 
i? Disp 
Re SE egy 


Appendix III 
Type (0) feeder. 


m = 0.577 Ty PRP ETE 


Sater xf este) be MES 


H, = 0.001 xD(== 


3 +@) 


Let P = power per foot of track actually used by the 
cars during the peak. 
Let V = substation bus voltage. 
IV 
PD ERG 
[2 
A, = 0.001 5 
ve / 10.35 
| 30.641 N _(p + 8760 Le) 
f 
( 
Z 0.000112598 I D + 0.001 2 ng 
- x p + 8760 Le 
f 
Di 1000 oF ote aE a LE giq 
IV scat p + 8760 Le 3V 
. f 
D= Le 
1000 P 4 0.112598 2 IG 
3 


p + 8760 Le 


I 4 j 


CRECELIUS AND PHILLIPS: DIRECT-CURRENT RAILWAY DISTRIBUTION Transactions A. I. E. E. 


EXAMPLE: 


Let V = 600 volts 
P = 180 kw. per mile or 0.0246 kw. per foot 
Load factor = 0.40 
G = 2.5 X 10-* ohm per foot 


f =$0.0186 
p = $24.00 p + 8760 Le = 41.52 
e = 0.008 
j Le = 0.002 
LA) 25 
\ p+8Te0Le ro 
f 
Used by Cars 
I D EAD _Kw-hr. per yr. 
600 13,670 ft. 337 | 1,183,000 
400 91350" < 230 808,000 
200 4,780 “ 118 414,000 
100 2,410 “ 59.4 208,500 
ANNUAL COSTS 
Power Used by Cars _ Distribution 
Carrying Rail & 
Chg. . Oper. Ex. Feed Ground Total 
600 8088 9464 1625 + 160 19,337 .00 
400 5520 6464 740 + 52 12,776.00 
200 2832 3312 189 + 6.60 6,339.00 
100 1426 1668 47.60 + 0.80 3,142.40 
Multiply total cost by 5280/D for cost per mile. 
7470 
7220 =o) 
7000 Cost = $6764 
6895 
Discussion 


V. E. Thelin: The manually operated substations now in 
operation on railway systems in large cities offer a wonderful 
field for the use of automatic equipment, due to the fact that the 
line losses can be reduced considerably, schedule speeds increased, 
and in many cases sufficient copper can be taken down to pay 
for the cost of the land and new buildings as well as that of 
moving the machines. If the manually operated substations, 
which have a capacity of from 4000 to 20,000 kw., are redistrib- 
uted into any number of single-unit or, at the most, two-unit 
automatically controlled substations, the service rendered by 
same no doubt will be far superior to that now obtained in the 
manually operated substations, due to the fact that each opera- 
tion in the automatic substation has been worked out beforehand 
and the entire sequence is carried through without any hesitancy 
or error such as frequently happens to the operator in manually 
controlled stations. In the large manually operated substations 
with many units it is necessary to clear the board of practically 
all the feeder sections before the first rotary can be connected 
to the bus, whereas a single-unit automatic substation will have 
a@ maximum of say from five to eight feeders, and there should be 
no difficulty experienced in the station picking up all the sections 


June 1922 


simultaneously. It is possible, through the use of special devices 
which I have in mind, to isolate each substation district from all 
other districts, and by using automatic reclosing circuit breakers 
service can be restored quickly, whereasif all substations were tied 
together through bus lines the first station to be connected to the 
system would open up an overload through excess of load fed 
from the surrounding substation districts through the bus lines. 

It seems, for many reasons, that the ideal automatic substation 
layout in a large metropolitan city is the single-unit substation 


layout. A two-unit substation requires the use of high-tension 
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Fig. 1—Hammonp, Wuitinc AND East Cuicaco Ry. Co. 
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line oil switches, rotary oil switches and transfer switches, to- 
gether with the expensive bus bar compartment construction 
for line busses, transfer busses and rotary busses, and where 
compound rotaries are used equalizer busses must be used, and 
the automatic control for a multiple-unit substation becomes very 
complicated, due to the fact that arrangements must be made 
for one rotary to carry the load in the light portions of the day 
and for additional rotaries to be brought into service as the load 
inereases.. Also, if trouble is experienced in the operation of one 
rotary, the automatic equipment must be so arranged as to cut 
in one or more rotaries, and the remaining rotary or rotaries are 
therefore called upon to carry the load which was originally 
carried by all of the rotaries originally in service in the station, 
which fact results in the remaining rotary or rotaries, as the case 
may be, being subject to an overload. On the other hand a 
single-unit substation can be constructed very economically, due 
to the fact that it is necessary to put in one oil switch only, which 
acts both as line and rotary switch, and which eliminates practi- 
cally all of the expensive high-tension bus bar construction. 
By using one rotary, only, in the substation it is possible to put a 
1000, a 2000, or even a 4000 kw. rotary in a building of simple 
construction on a 25-ft. lot. In case an oil cooled transformer is 
used, it is not necessary to build a basement in the substation, 
the cables being run in ducts under the floor and the rotary being 
set on a foundation with a pit in same, in order to get under the 


rotary for necessary repairs, ete. If air blast transformers are 
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used, such as is now the case in a great many of the present hand- 
operated railway substations, the oil switch and transformers 
can be placed over a small basement-like compartment, which 
compartment would only have to be big enough for a man to 
enter to make the necessary repairs. The blower for cooling 
purposes is connected directly to this basement. 

I do not agree with the authors of the paper in their statement 
that a 3000 kw. unit is the minimum size which can be economi- 
cally installed in city service, as I feel that with single-unit sub- 
stations and simplified type of automatic control equipment it is 
possible to economically install substations with as low as 1000 
kw. capacity. 

The following figures might be of interest in connection with 
the application of automatic substations in city service. Fig. 1, 
shows the present layout of the Hammond, Whiting & East 
Chicago Ry. system. This system, which operates approxi- 
mately 30 miles of track, originally was fed from one manually 
operated substation located in Hammond, which station con- 
tained four 400-kw. rotaries. In order to improve operating 
conditions, one of these rotaries was moved to East Chicago and 
equipped with various protective devices, which prevent any 
damage occurring in case of trouble arising due to hot bearings, 
over-speed, reverse current, etc. The feeders and the rotary are 
protected by means of automatic reclosing circuit breakers. The 
station is started in the morning by an inspector and left to run 
by itself all day, being shut down at night by means of a clock, 
which first trips out the circuit breaker and then opens the oil 
switch. This substation has been in operation as a semi-auto- 
matic station for approximately four and one half years, and has 
given very satisfactory results in normal operation. Shortly 
after this station was put in service another station was built at 
the north end of the system, viz. at Robertsdale. The power 
supplied to these three substations is furnished, however, from 
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the same high-tension line, and after any interruption on this 
line it was necessary to carry the load on the two rotaries in the 
manually operated substation in Hammond until the inspector 
was able to get over and start the East Chicago substation, after 
which the Robertsdale substation was started. Having had 
some experience as a substation operator, I felt that a simplified 
automatic substation control equipment, with fewer parts than 
had been used heretofore in any automatic substation, could be 
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developed, which would do electrically exactly what an operator 
does manually when starting a substation. After various tests 
and experiments such an equipment was developed, and has been 
in daily operation for approximately two years, having given 
very satisfactory results. 


Fig. 2 shows the details of the automatic control panel in this 
station, as follows: 

Directly below the time clock which starts the operation of the 
station is a master relay which energizes the various circuits in 
the station. Below that is a polarized relay, which determines 
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Fic. 4—SrQuENCE OF OPERATION OF AUTOMATIC EQUIPMENT 


whether or not the balance of the operation should be carried 
through or whether the polarity of the rotary should be corrected 
in case it came up wrong. Beneath the polarized relay is a 
combination field control and change-over switch, which, in 
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addition to changing the connection of the field from the station 
bus to the rotary itself, also performs various other operations 
either simultaneously or witha certain timerelay. The various 
protective devices shown at the top of the panel protect the 
rotary from all possible cases of trouble that may arise, such as 
reverse phase, phase failure, reverse current, over-speed, ete. 
The switches at the bottom of the panel are used for the purpose 
of cutting out the automatic equipment and reconnecting the 
balance of the equipment in such a way as to enable the substation 
to be operated as a semi-automatic in case any of the various 
automatic devices are out of order. 

Fig. 3, shows, reading from left to right, the automatic re- 
closing circuit breakers on the rotary converter, the auxiliary 
bus and three feeders, respectively... The feeder breakers are 
bus sectionalizing ‘breakers which are capable of bemg operated 
either with the station in operation or shut down, 7. e. with power 
fed from the station bus or with back feed from some other sub- 
station through the bus tie feeders. 

Fig. 4, shows the sequence of operation of the automatic 
equipment as follows: (1) Contact making time clock 1 
operates. (2) Closing master control relay 2, which in turn 
(3) Closes starting contactor 3, which starts rotary. (4) 
Magneto-motor driven polarized relay 4, then operates, (5) - 


Fie. 5 


Closing combination feed control and automatic change-over 
switch 5, which in turn (6) Opens starting contactor 3 and 
closes running contactor 6, (7) After which field-circuit time- 
limit relay 7 closes and, (8) Automatic-reclosing circuit breaker 
8 on machine panel closes, picking up station load. Atl of which 
operations require approximately 25 seconds. 

In case the station comes up with reversed polarity, polarized 
relay '4 shuts the stations down, after which the rotary starts 
again_and operations 1, 2 and 3, shown above, are repeated until 
the rotary comes up positive, after which the regular sequence of 
operation is carried through. This condition, however, will 
rarely occur, due to the fact that the field of the rotary is excited 
with one-tenth full strength field from the station bus during the 
time that the rotary converter is being started up, which causes 
the field to come up with correct polarity. Out of approximately 
500 tests that were made with the field connected to the bus in 
this manner, there was only one case noted where the rotary. 
converter came up negative, which possibly might have been 
caused by poor contact of some of the fingers, ete. 

The equipment is so designed that each operation in the 
sequence is a function of the one preceding it, 7. e. each operation 
must be carried through successfully before the next one can take 
place. It is also so designed that if the d-c. automatic reclosing 
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machine circuit breaker does not close and pick up the station 
load within a certain predetermined time after master relay 2 has 
closed, the self-correcting relay shown to the left of the time 
clock will then trip out the master relay, which in turn shuts 
down the rotary. The rotary then starts up again and if the 
trouble was caused by an imperfect contact or the sticking of 
some interlock, it may operate perfectly now and the entire 
sequence of operation is carried through, and the station load 
is picked up. 

Fig. 5, shows, reading from left to right, the starting and run- 
nmg contactors for the automatic equipment; the manually 
operated starting and running switch; and, at the extreme right, 
the a-c. oil switch control panel. 


The only other equipment in the station that is not shown in 
any of the accompanying photographs is that of the rotary 
converter, which I did not consider it was worth while to show, 
inasmuch as it does not show any new equipment. 


D. W. Roper: The authors of this paper have brought out 
one point which cannot be emphasized too much, and that is 
that if the introduction of the automatic station for railway 
distribution will provide a method of increasing the number of 
feeding points for the railway system, the electrolysis problem 
will largely disappear. The tendency has been to put in sub- 
stations as large as possible so as to reduce the operating expense, 
that is, the expense of the substation operators, and that has 
served to make the feeding distances very long. With the auto- 
matic substation the tendency is in the other direction, to make 
the substations comparatively small, and in this way greatly 
increase the number of feeding points. As the length of the 
feeders diminishes very rapidly with the increase in the number 
of substations, so also does the length which the railway return 
current travels the rails reduce in the same way: and not only 
does this affect a reduction in the voltage drop in the railway 
return circuit, but also effects a material reduction in the losses 
_in the return circuit. 


If the operators of the railway systems in planning the rehabil- 
itation which they are looking forward to, after the long period 
of depression—would install as many substations as economically 
possible, and in this way reduce their feeding distances, it will 
very materially reduce the complaints and the damage which 
have heretofore been caused by electrolysis. 


W. E. Bryan: The subject of economies of railway distri- 
bution, especially in view of the advent of the automatic sub- 
station, merits the most careful study by the electric railway 
engineer. The economic side of this question has been too often 
neglected in the past, due in large measure to the fact that rail- 
way systems have grown through the process of consolidation and 
ideal distribution layouts were, therefore, difficult of attainment. 
The automatic substation has interjected an important element 
into the field and railway engineers must be prepared to take full 
advantage of this new development which means some readjust- 
ment of our previous ideas as to size of stations, type of buildings, 
ete. 


As the writer has pointed out previously, variation in local 
conditions makes general conclusions applicable to cities of a 
given size not only difficult of determination, but of doubtful 
value as well. Not only must conditions in any particular city 
be studied as a problem by itself, but a solution applicable to 
one section of a city may not be the best solution for another 
section, due to variation in the cost of land, availability of con- 
duit, ete. Another point which has an important bearing is the 
question of power supply. In St. Louis, for instance, the rail- 
ways receive power from three sources, namely, purchased 
water power at 55 per cent load factor; purchased steam power 
at 40 per cent load factor and power generated in its own plants 
at 14 per cent load factor. St. Louis has several d-c. feeders 
which are admittedly poorly designed from a distribution stand- 
point, but which, nevertheless, considering the different costs of 
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the various sources of power, provide the best arrangement from 
an economie standpoint. 

The authors on page 363 derive a figure for the cost of dis- 
tribution amounting to $250,000 per year which they state is 
fairly representative of cities of the size of Cleveland. As the 
figures in this tabulation are used more or less throughout the 
paper, the writer has drawn up comparable figures for St. Louis 
which indicate that the annual cost of distribution in that city 
amounts to approximately $505,000 per year. It should be 
stated that the investment data used is based on conservative 
valuation figures recently prepared for presentation in a case 
before the State Public Service-Commission, and corrected as 
of April, 1922. Incidentally, it might be brought out at this 
point that the larger the distribution loss, the greater the possible 
saving which can be effected by the use of an increased number 
of substations. In other words, if as the authors conclude, 
stations of 3000-kw. capacity are best adapted for cities where 
the annual distribution cost is $250,000 per year, it seems logical 
that if the distribution loss is considerably in exeess of this figure 
a greater number of stations and, therefore, stations of smaller 
capacity are justified. 

In view of the wide difference in the annual costs of distribu- 
tions just referred to, a brief explanation of how the writer’s 
figure of $505,000 was obtained isin order.. The carrying charges 
on feeder investment are found to be $135,000 as compared with 
the figure of $130,000 used in the paper. The writer’s figure 
represents a 10 per cent charge on a valuation of $1,350,000 for 
positive and negative distribution circuits. In view of the low 
depreciation of copper the writer considers 10 per cent preferable 
to the 13 per cent fixed charge rate used by the authors. 

The principal variation, however, comes in the second item, 
namely, the carrying charges on that portion of the investment 
in generating plant, transmission lines and substation equipment 
neeessary for supplying the peak load distribution losses. The 
writer’s figure is $240,000 as compared with the figure $92,000 
derived in the paper. This difference is due to two factors; 
first, an increase in the cost of investment per kilowatt‘of direct- 
current demand from $165 to $258: second, the distribution 
losses during the peak, based on many readings taken at various 
points seattered throughout the city, was found to be for St. 
Louis practically 15 per cent as compared with 10 per cent as 
used in the paper. 

Returning to the first item’ just mentioned, namely, the invest- 
ment per kw. in generating plant, transmission lines and sub- 
station equipment, it is important to bear in mind that this figure 
is based on the d-e. demand at the substation bus. With a 
coincident half-hour average d-c. demand of 45,000 kw. (the 
figure for St. Louis), the demand at the generating bus amounts 
to 53,000 kw., the average loss at the time of peak load for 
transmission and conversion amounting to 15 per cent. If it is 
assumed that the generating plant should have a reserve capacity 
of 25 per cent and that its present day cost would amount to 
$125 per kw. of capacity (which is considered by the writer a 
very conservative figure), the investment cost in generating 
plant reduced to the basis of d-c. demand amounts to $183 per 
kw. The addition for transmission cable, underground conduit 
and substations brings the total to $258 per kw. It would seem 
that the figure used by the authors, namely, $165, is considerably 
lower than could be realized in practise, especially in view of the 
statement at the bottom of page 367 of the paper, that generating 
plant investment alone might be as high as $150 per kw: 

This factor, that is, fixed charges on investment necessary 
to supply peak load losses, is the most important of the three 
factors entering into distribution costs and if automatic stations, 
especially in congested districts are properly adjusted as to 
voltage, a very material saving in the item will result due to the 
saving in distribution losses. 

For the third item entering into’ the cost of aistetantidus 
namely, ea expenses of. generating plant, transmission 
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lines and substations necessary to supply distribution losses, 
the writer obtains $130,000 per year as compared with $28,000 
given in the paper. Although the same ‘‘Loss Factor”’ is used, 
the writer has applied it to.the peak load loss, multiplying the 
resulting figure by 8760, and not to the annual kw-hr. output, 
as was inadvertantly done by the authors. The difference is 
further increased by the use of 15 per cent distribution loss on 
the peak instead of 10 per cent, and to a slightly higher energy 
charge for power. 

A comparison is given on pages 374 and 375 of the use of 
stations of various sizes ranging from 1500 to 6000 kw. Messrs. 
Crecelius and Phillips have determined the probable distribution 
distance for each of the stations considered and have worked the 
problem out on this basis. The railway engineer is usually 
confronted with the necessity of taking care of a given district 
and the question to be determined is whether the district shall 
be fed by one, two or perhaps more stations. This would seem 
to be, therefore, the more logical basis of comparison, and in his 
comments on the conclusions presented in the paper the writer 
will give actual figures derived from the downtown section of St. 
Louis. In passing, however, it might be pointed out that the 
investment costs of the 3000-kw. station and the two 1500-kw. 
stations used by the authors are $43 and $53 per kw. respectively. 
A comparison of a 2000-kw., two-unit station and two 1000-kw. 
stations for St. Louis resulted in investment costs of $38.25 per 
kw. for the former and $39.75 per kw. for the latter. These 
figures are based on the actual purchase price of equipment 
recently bought by the United Railways and estimated costs 
for land and buildings, these latter, however, being obtained 
from figures for land actually purchased for substation sites and 
buildings recently built for two automatic substations now in 
service. In explanation it might be pointed out that the cost 
of the control equipment for the two-unit station is, as might be 
expected, slightly higher than the cost at the two single-unit 
stations, due to the additional control devices necessary in a two- 
unit station. This difference is more than offset, however, by 
the increased cost of land and buildings for the single-unit sta- 
tions, but as we have been able in St. Louis to secure inexpensive 
land (rear portions of lots, ete.) and erect simple and inexpensive 
buildings, these factors are not of great importance. The writer 
wishes to stress the point, however, that the maximum advantage 
of automatic stations ean only be obtained where land and 
building costs are held to a minimum. Automatic equipment 
lends itself to simple and inexpensive types of buildings. 

In the operating costs derived by the authors for 3000-kw. 
and 1500-kw. stations, the larger station is given a material 
advantage in efficiency. This point will be covered later, but 
it is evident that if the efficiencies were practically the same 
there would be little advantage from an economic standpoint 
in favor of the 3000-kw. station. What advantage remains 
would be more than offset by inereased freedom from electrolysis 
and greater reliability, advantages which are brought out in the 
paper. 

Commenting on paragraph (b) of the conclusions (page 376), 
the writer cannot agree that, ‘‘in cities . . . the economic advan- 
tages of the automatic substation are relatively small, because 
distribution cost is a correspondingly small part of total cost.” 
As shown previously, distribution costs are a material item in 
the cost of supplying power to a railway and the automatic 
station undoubtedly has a large field in urban work. Further 
study and experience is necessary before the question of its 
relative value for interurban, as compared with urban service, 
can be definitely answered. 

In paragraph (ec) the authors conelude that in view of the lower 
efficiency which they say is to be expected with automatic sta- 
tions, some plan of remote control will probably be found advis- 
able, so that converters can be operated at or near their best 
efficiency. This conclusion evidently is based on the efficiency 
curves of 60-cycle converters which constitute a minor portion 
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of the converters in use on railway systems. Efficiency curves 
of the 25-cycle converters differ from those of 60-cycle converters 
in two important respects. First, very little increase in efficiency 
is obtained as the size of the unit is increased above 1000 kw.; 
and second, the variation in efficiency from three-quarters to one 
and one-fourth load in the ease of 25-cycle units is about 14 
of one per cent. /These figures are based on the combined 
efficiency of converter and transformers. Manifestly, it is of 
comparatively little importance at what point the unit is oper- 
ated, provided it is above three-quarters load. Even at half 
load the efficiency of a 25-cycle 1000-kw. converter and trans- 
former is only 34 of one per cent, less than its maximum. The 
curves on page 370 of the paper giving the efficiencies of 60-cycle 
units at various loads show that the efficiency of a 1000-kw. 
unit at 50 per cent is 21% per cent rating less than its efficiency at 
full-load rating. 


In St. Louis the five new automatic stations recently purchased 
are laid out to carry approximately 125 per cent of rating for 
the maximum half hour which would result in an average load 
of about two-thirds of rating. The relays will be set so that the 
stations will run practically continuously for sixteen to eighteen 
hours per day, the slight loss in station efficiency at the lighter 
loads being more than offset by the saving in distribution losses. 
The stations and feeders are so designed that if one station is 
out of service the overload on adjacent stations will not reach 
the danger point, nor will the distribution voltage be seriously 
affected. It should be remembered that such equipment is 
eapable of 50 per cent overload for two hours and, furthermore, 
the stations being small and comparatively close together, 
prolonged overload at any one station is very unlikely. 

In connection with the conclusion set forth in paragraph (d), 
namely, “‘in such cities as Cleveland, it is doubtful if the capacity 
of substations can be profitably reduced below 3000 kw., . . .,” 
the writer cites the following: In St. Louis it was desired to 
reduce the load on a 12,000-kw. substation feeding principally 
the heart of the downtown section. It was decided to move two 
2000-kw. interpole rotaries from their locations in existing sta- 
tions into the downtown district fed by the 12,000-kw. station. 
Three alternatives for the use of this equipment presented them- 
selves. First, a single 4000-kw. station manually operated; 
second, a single 4000-kw. station automatically operated, and 
third, two 2000-kw. stations automatically operated, spaced 
approximately 4500ft. apart. Without going into detail, 
(the writer will be glad to furnish the detailed figures upon re- 
quest) the following figures represent the annual costs, based 
on the investment necessary for additional equipment, and land, 
buildings, transmission cables, distribution cables, together with 
allowance for distribution losses: 4000-kw. station manually 
operated, $14,250; 4000-kw. station automatically operated, 
$13,800; 2-2000-kw. stations automatically operated, $13,000. 
In view of these figures, together with the greater freedom from 
electrolysis and increased reliability, it was decided to adopt the 
plan involving two 2000-kw. stations automatically controlled, 
and equipment has been purchased and land for these stations 
acquired. Each station is supplied by two transmission cables. 


In view of the figures just given the writer feels that for cities 
similar to St. Louis, the 3000-kw. station is not the minimum size 
justifiable. Furthermore, if automatic stations of 2000 kw. can 
be justified in a congested downtown district, where the feeding 
distances are comparatively short, it seems evident that in 
districts outside of the downtown area, where conditions more 
nearly approach interurban conditions, the automatic station 
of smaller size, say 1000 kw., finds a useful field. It is not con- 
tended that in areas like the loop district of Chicago, where con- 
centration of load is extremely heavy, that automatically con- 
trolled equipment will be found advisable. 

The conclusion expressed in paragraph (e) that if possible, 
standard size of unit and standard control layout be used in all 
stations, is open to the objection that if units of one size are used 


June 1922 


exclusively, the maximum distribution economics cannot be 
obtained. Division between various sizes, of course, should not 
be carried to too fine a point, but it would seem that for a city 
the size of St. Louis, 1000-kw. units would be best for general 
use, with 2000-kw. units for the downtown district and other 
points of heavy load concentration, and say 500-kw. units for 
use at outlying points and on interurban lines. Such a plan will 
not, it is believed, materially increase the necessary stock of 
spare parts, since many items of the control equipment are the 
same for various size units. 

Relative to adopting a standard control layout, while this 
plan has material advantages, it also has certain commercial 
disadvantages and, furthermore, it should be borne in mind that 
we can expect to see changes of a more or less radical nature in 
automatic control equipment as the art develops. 


M. J. Lowenberg: In the design of a distribution system, 
whether it is for a small railway system or a heavy electri- 
fication, it is necessary to determine the permissible voltage drop. 
Often, especially today when capital costs have to be kept down, 
irrespective of any economy that theory may show according to 
Kelvin’s law, that value is the minimum value to operate the 
trains or ears. 

A very simple law is that for the most economic layout the 
cross section at any point should be proportional to the square 
root of the current at that point. 

I have found from computations checked by tests, that whether 
it is a single car or a long train, or a number of cars or a number of 
trains, that a very accurate method is to assume that this current 
at any point (to which the cross section is proportionate to its 
square root), is the maximum starting current of any single unit— 
(which in a street railway would be a car and in a subway would 
be a train)—plus the current due to average load uniformly 
distributed along the line. 

In using Kelvin’s law great care must be taken not to throw an 
undue burden upon the stockholders. Kelvin’s law is subject 
to a tremendous variation, without changing the economy 
derived from theory. Asa matter of fact, 35 per cent less copper 
than shown by Kelvin’s law would in theory give approximately 
only 10 per cent increase in annual cost, and if you put the 
question to a banker he would tell you to leave out the 35 per 
cent copper. 

Another point in the paper which is not entirely in agreement 
with practise is the variation of the size of cables. In most 
systems, especially large systems, there is more or less standardi- 
zation—especially on underground work. There you must 
standardize on a certain sized cable, irrespective of what your 
theory shows. These things will often upset Kelvin’s law, to 
which too much weight must not be given. 

The extent of spare equipment, whether feeders, substations 
or rotaries, must be determined in co-operation with the trans- 
portation department; for then only can you determine the value 
of service and therefore the amount of relay equipment which 
has to be installed. 


E. R. Shepard: The paper is of particular interest to me ' 


because of its possible bearing on the question of electrolysis. 
If, through, the use of semi-automatic or remotely controlled 
substations, the feeding capacity at any one point in a city system 
can economically be reduced to from 1500 to 3000 kw. we may 
find in such systems a final and satisfactory solution for this 
baffling problem. That such will be the case is by no means a 
foregone conclusion as the establishment of numerous substations 
throughout a city will create new positive conditions on the under- 
ground structures which in some soils may prove injurious. 

The application of insulated negative feeders for the mitigation 
of electrolysis, while improving the general conditions, have in a 
number of instances created new positive areas with consequent 
damage to pipes and cables. 

Where relatively few and large generating or supply stations 
are in use they are frequently located outside of the congested 
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or highly developed sections of cities, and in such cases elec- 
trolysis conditions are often either endured or taken care of by 
local treatment. With the use of frequent automatic substations, 
some would usually be located in congested areas where the under- 
ground utilities are not only of great value but where the inter- 
ruption of service or the failure of water pressure cannot be 
threatened. 

The use of additional supply points for power distribution is, 
of course, in the right direction to eliminate electrolysis, and I am 
not unmindful of the great benefits which may be derived from 
carrying such a system to the economic limit. It is not evident, 
however, to what extent such a system will remove the cause of 
electrolysis and the railways may well assume that they will 
have this problem with them until direct current has been 
supplanted by some other form of motive power. 


L. P. Crecelius and V. B. Phillips: Mr. Thelin has said 
“T do not agree with the authors of the paper in their statement 
that a 3000-kw. unit is the minimum size which can be economic- 
ally installed in city service, as I feel that with single-unit sub- 
stations and simplified type of automatic control equipment it 
is possible to economically install substations with as low as 
1000-kw. capacity.” 

The authors agree with Mr. Thelin that some simplified form 
of control may justify the installation of substations of less than 
3000 kw. capacity. To correct any wrong impression that may 
have been created as to the opinions expressed by the authors, 
it may be well to quote from conclusion (d) of the paper. “In 
such cities as Cleveland, it is doubtful if the capacity of substa- 
tions ean be profitably reduced below 3000 kw. with the control 
equipment now available for full automatic control, commencing 
at the incoming supply line and extending throughout the entire 
substation operation’’:* **** “Tf, therefore, any substantial 
saving in the total cost of power is to be had by the smaller sizes of 
substations, automatically controlled, it will be necessary to 
reduce substation losses by improving methods of control” * * * * 
“There are, of course, some distinct advantages to be had by 
installing small capacity substations of say less than 3000 kw. 
These are principally the mitigation of electrolysis, and under 
certain conditions an increased factor of safety.” 

It would appear that Mr. Bryan has not correctly interpreted 
the mathematical procedure and examples upon which the 
authors have based their conclusions, with which conclusions 
Mr. Bryan is not altogether in accord. Mr. Bryan refers to 
the tabulation given on the first page of the paper as being 
‘used more or less throughout the paper.” It should perhaps 
be pointed out that this tabulation was given simply for the 
purpose of illustrating in a general way the magnitude of the 
several elements which go to make up the total cost of distribu- 
tion. These figures are not used or referred to again in the body 
of the paper. 

Mr. Bryan has preferred to use 10 per cent in arriving at the 
carrying charges on copper. This is, of course, a matter of 
opinion. The authors arrived at 13 per cent by using an 8 
per cent return on the investment, which percentage has been 
quite generally allowed throughout the country by the state 
public utility commissions; 214 per cent for taxes, which is the 
tax rate in Cleveland and which in view of steadily increasing 
tax rates throughout the country is not believed to be excessive; 
and 21% per cent for depreciation. It is true that depreciation 
on the copper itself is very slight, but it must be remembered 
that the rate applied to the cable in place must take account of 
the rather rapid depreciation of insulation and cost of stringing. 
It is believed that in a comparative study of this kind, deprecia- 
tion of feeder insulators and fixtures need not be included for the 
reason that this investment is practically the same for different 
sizes of feeder. If these items be included the result will not be 
substantially affected. 

With regard to the amounts used by Mr. Bryan for generating 
plant, transmission line, and substation investment, it may be 


438 


said that the unit values used will depend upon the basis of 
valuation. There is a wide difference of opinion among rate 
making bodies as to the weight that should be given to the high 
prices prevailing during the last few years, especially in apprais- 
ing for rate making purposes such plants as were installed prior 
to 1915. On the basis of present day costs Mr. Bryan’s figure 
of $258.00 per kw. is undoubtedly more nearly correct than the 
figure of $165.00 used by the authors. At the same time, the 
figure of $165.00 is quite consistent with the valuations used by 
a number of different public utility commissions in determining 
rates. The present tendency is toward the purchase of power 
from central stations by electric railway companies. On account 
of the diversity of load on these stations the investment properly 
allocable to a single consumer or class of consumers is substan- 
tially reduced. The demand charges for purchased power in the 
larger cities range from as low as $12.00 up to $27.00 per kw. 
of demand per year. The figures used on the first page for these 
carrying charges, viz: $23.00 per d-c. kw. of demand per year, 
including carrying charges on substation investment and taking 
due account of the substation losses, is believed to be reasonably 
consistent with the demand charges mentioned above, as well 
as consistent with the valuations on power plants and transmis- 
sion lines accepted by many rate making bodies. 

In the opinion of the authors, Mr. Bryan’s discussion of the 
paper presents figures and observations of no little interest and 
value. Mr. Bryan touches upon a number of points that must 
certainly receive due consideration in any study of the problem 
of distribution. 

Mr. Lowenberg’s statement that ‘‘Kelvin’s law is subject to 
tremendous variation without changing the economy derived 
from theory” is, in the main, true. In other words, the cost 
curve is fairly flat on either side of the point of maximum 
economy. It must, however, be borne in mind that the load 
on feeders in most progressive American cities is continually 
growing, for which reason it may prove wise to install more than 


the minimum copper as contemplated by Mr. Lowenberg. The. 


application of Kelvyin’s law in cities gives substantially more cop- 
per than is necessary to satisfactorily operate cars. On the 
other hand, in the case of interurban lines on which distribution 
distances are necessarily much greater, Kelvin’s law will call 
for little, if any, more copper than will generally be necessary 
to obtain satisfactory ear operation. The authors certainly did 
not contemplate such strict application of the law of economy as 
to depart from that ‘“‘more or less standardization” of cable 
sizes to which Mr. Lowenberg refers. Very few theoretical 
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engineering laws of this sort can be precisely applied in practise. 
Kelvyin’s law gives the theoretieally proper Sizes of cable cor- 
responding to maximum economy in distribution. In other 
words, it affords a standard of performance to be approached 
as nearly as may be practicable, but which of necessity must be 
modified in many eases by reason of various practical considera- 
tions. Mr. Lowenberg points out that it may be difficult or 
unwise to invest more than the minimum of capital necessary 
to conduct transportation. This is, of course, a matter of 
financial policy rather than engineering computation. It is one 
of those practical limiting conditions referred to above. 

Mr. Roper and Mr. Shepard have referred to the mitigation 
of the electrolysis difficulty by the installation of a larger num- 
ber of distributing points. In their analysis, the authors 
have not specifically considered the savings that may result from 
the use of a large number of small substations in cutting down 
electrolysis damage claims or in reducing the necessity and cost 
of various mitigative measures. This omission must not be 
interpreted as indicating any lack of appreciation on the part 
of the authors as to the importance of this phase of the subject. 
It is scarcely possible, however, in an analysis of this kind to in- 
troduce the factor of electrolysis because of the tremendous 
variation in local conditions governing corrosion from stray eur- 
rents. The examples worked out in the paper for a typical mile 
of track show a rather small variation in total cost for the several 
different substation sizes. It may frequently happen that a 
serious electrolysis situation will justify the use of smaller substa- 
tions than would be dictated by the other purely economie factors. 

In conclusion, the authors wish to say that their primary 
purpose in preparing this paper has been to set up a procedure 
for the study of the distribution problem in a comprehensive 
way. The various examples which have been worked out have 
been intended more for the purpose of illustrating the applica- 
tion of the principles involved than for the purpose of reaching 
any very definite conclusions. Railway substation control is 
still in process of development. There is a great variation in the 
many factors which go to determine the proper solution of the 
distribution problem in different localities. ‘As previously 
pointed out, questions of financial and operating policy, in- 
eluding the importance attached to continuity of service and the 
resultant provisions that may be necessary to reduce the pos- 
sibility of shut down, must be given consideration along with the 
theoretical economie factors. At the same time, it is believed 
that the starting point at least is a purely economic analysis 
along such lines as have been suggested in this paper. 


Light Without Glare 


BY WARD HARRISON 


Engineer, National Lamp Works, Cleveland, Ohio. 


The object of this paper is to show what factors must be controlled in order to produce satisfactory illumination 


without glare. 


The relative importance of brightness of light sources, their candle power, position in the field of view and contrast 


with the background are discussed. 


The paper includes tables from the Illuminating Engineering Society Code of 


Industrial Lighting in which for the first time various light sources, both natural and artificial are classified from the stand- 


point of glare. 


that one’s mental attitude toward it is influenced 

largely by tradition if not by heredity. How 
many there are who still judge the desirability of a 
lighting unit simply by its whiteness and dazzling 
power, criteria which served well in the days when 
vegetable oil lamps and tallow candles were the only 
light sources available and when perfect combustion, 
as evidenced by a brilliant white flame, was a phenom- 
enon altogether too rare. There are many also in 
whose minds the thought of excessive heat is associated 
as the inseparable accompaniment of a high level of 
artificial illumination; they forget that the 200- 
candle power lamp of the present generates no more 
thermal units than did a single candle in the days of 
our forefathers. And as to the question of expense in 
lighting, it may be added that the cost per hour for the 
200-candle power lamp is today only about equal to 
that of the aforementioned candle. In this connection, 
it is not without interest to take cognizance of the 
apparent anomaly, that, for some locations artificial 
light has actually become cheaper than natural light. 
For example, a number of our larger public buildings 
and even our art galleries have found it much more 
satisfactory and in the end less expensive to provide 
for the use of artificial light exclusively rather than to 
assume the high initial cost and the up-keep expense 
of large areas of exposed skylight. 

It would be interesting also, to turn aside and see 
how modern developments have made it possible for 
our great industries to have daylight levels of illumina- 
un, and daylight quality of illumination, available 
throughout the twenty-four hours and ordinarily at 
the very moderate expenditure of from 1 per cent to 
2 per cent of their labor cost. Just what this means, 
just what the difference is between 1 to 2 foot-candles, 
the old levels of artificial illumination and 10 to 20 
foot-candles, the daylight level of interior lighting 
must be seen to be appreciated. One who has tested 
out for himself his acuity of vision and the difference 
in his speed of perception under these different levels 
of illumination has no difficulty in understanding why 
production invariably falls off with fading daylight 
in the great majority of our older and inadequately 
lighted industrial establishments; and how even a 
night shift in these same plants can be made profitable 
if proper lighting is supplied. 

Presented at the Annual Convention of the A. I. E. E., 
Niagara Falls, Ontario, June 26-30, 1922. 


A RTIFICIAL lighting is an old art, so old in fact, 


The use of these tables is explained and illustrative examples are given. 


On the other hand, almost every one of the invalu- 
able developments of modern applied science, such for 
example as the high-tension transmission of electric 
power, or the gasoline motor car, has brought its own 
particular hazards and a capacity for serious abuse. 
High power artificial light sources, or for that matter, 
modern prism glasses for the control of daylight, are 
no exceptions to this rule. Unfortunately, it is true 
that the potentialities of the newer lamps as aids to 
progress are only one-half utilized or appreciated and, 
by the same token, their flagrant abuses have for the 
most part been allowed to run along unchallenged. 
A typical machinist substitutes for his old stubby 
candle an unshielded incandescent lamp of 100 times 
its power and 1000 times its brilliancy; remarks, per- 


Fig. 1—Grarinc Ligut rrom Unsaapep Locant LAMP wHicH 
1s A MENACE TO SAFETY AND TO VISION 


chance, that it is such a fine light that it almost blinds 
him; and calmly goes on with his work for as many 
days as his eyes—or the law—will allow him. 

Now it is obvious that bare 100-watt lamps on drop 
cords will cause serious glare, that raising the lamp a 
foot or two above the direct line of vision, or perhaps 
enclosing it in a white diffusing globe will mitigate 
the harmful effect, but just what is the quantitative 
value of each of these factors, and just how far one must 
go to obtain reasonably satisfactory conditions for 
vision, are subjects regarding which there is still much 
lack of real information and of uniformity of opinion. 

It is generally accepted that for a fixed position of 
light source the degree of glare experienced is a function 
of (a) brightness of the souree—candle power per unit 
area; (b) total flux of light directed toward the eye from 
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the souree—candle power in the direction of the eye; 
and (c) contrast in brightness between the light source 
and its background. Authorities differ greatly as to 
the relative weights to be assigned to the three quanti- 
ties and formerly (a) and (c) were particularly stressed. 
More recent investigations have, however, pointed 
toward the total flux of light which reaches the eye 
from a light source as being the most important single 
factor in the production of glare. The trend of present 
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Fig. 2—Nuttine’s Data on Limits oF BRIGHTNESS 


thought on this subject may be summarized in the 
form of four principal propositions as follows. 


I. Dr. Nutting’ found (see Fig. 2) that with a 


fixed area of light source at a fixed distance from the 
observer, increasing the brightness of the surroundings 
tenfold only permitted of approximately doubling the 
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Fic. 3—DousBLina THE DISTANCE BETWEEN THE EYE AND 


Lieut Source Permits or INCREASING THE CANDLE PoWER 
Four Times 


candle power (and brightness) of the source if no in- 
creased sensation of glare were to be experienced. 


1. P.G. Nutting, Transactions I. E. S., Vol. XI p. 939. 

Dr. Nutting’s data show that if the candlepower of the 
source and the brightness of the background are both raised 
indefinitely, in this logarithmic ratio, a point is finally reached 
at which the brightness of the background is as great as that of 
the source. This point, which might be termed the glare limit, 
represents the brightest surface on which the eye can focus 
without immediate discomfort no matter what the surroundings. 
This brightness is approximately 50,000 millilamberts or about 
five times the brilliancy of white cardboard exposed to full 
sunlight. 
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In other words, the final contrast between the source 
and its background must be reduced to one fifth of its 
former value if it is desired to double the candle power 
of the source. 

II. The results of other investigations? suggest 
that one may approximately double the candle 
power of a source having a fixed location if the 
area of that source is increased 10 times, which, 
of course, involves decreasing its brightness to one- 
fifth of the former value. It will be observed that in 
this case as in the preceding one, the resulting contrast 
between the source and its background is reduced to 
one-fifth in order to double the candle power of the 
source, without increasing the glare effect. 

III. It is obvious from a consideration of Fig. 3, 
that if the brightness of the light source and the bright- 
ness of its background are both held constant and the 
distance between the eye and the source is doubled 
it will be permissible to quadruple the candle power of 
the source,. since the brightness of the image on the 
retina will be the same in both cases and the diameter 
of the source is doubled to hold the area of the retinal 
image constant. 
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Fig. 4—Raisinc tHe. Mounting Herigut or THE LIGHT 
Sources Wett ABOVE THE Eyre Leven Is THE GREATEST 
SINGLE Factor IN THE REDUCTION OF GLARE 


IV. If after doubling the distance between the eye 
and the light source and at the same time increasing the 
candle power and area four times to preserve the glare 
balance it is decided to cut in two the candle power of 
the source in this new position, it is then permitted 
by (II) to cut the area of the source to one-tenth and 
by cutting the candle power again in half the area 
may again be reduced to one-tenth so that with the 
candle power of the source the same as when in the 
first position close to the eye, the area of the source 
need only be 1/25 of that required by the first position. 
It may be said then that doubling the distance between 
the eye and a light source permits of dividing its area 
(and increasing its brightness) by 25. 

These four illustrations should serve to make clear 
the major importance of candle power and distance 
from the eye, in a word ‘‘flux entering the eye’, rather 
than the brightness or contrast as the dominant factors 
in glare. In truth, small bare incandescent lamps are 
under some circumstances really less obnoxious than 
frosted lamps of say five times the candle power used 
in the same location. 

Formulas, in which these various relations are ex- 
pressed algebraically are included in the Appendix. It 
should be borne in mind that the avoidance of glare is 

2. Ward Harrison, Transactions I E.S., Vel XV p. 34. 


June 1922 


still far from being an exact science and the numerical 
values in these formulas may require very material 
revision as a result of later investigations. 

As a specific application of these relations, assum- 
ing for the time their correctness, take the case 
of a lighting installation in a large office devoted 
to bookkeeping in which the lamps are suspended in 
glass diffusing globes four feet above the eye level (about 
nine feet above the floor) and in which the contrast be- 
tween the units and the walls which form their background 
is found to be about 25 times too great for comfort. 
If no change is to be made in the size of the lamps the 
trouble can be remedied in any one of three ways. 

(a) The brightness of the globes can be reduced to 
1/25th of the former value by increasing the diameter 
of the globes five times. 

(b) The brightness of the background can be in- 
creased 25 times by painting it a lighter tone and direct- 
ing more flux toward it. 

(ec) In accordance with IV the units can be raised 
four ft. or to a height of eight ft. above the eye level 
(thirteen ft. above the floor—see Fig. 4). 

Where the head room is sufficient this latter method 
certainly presents the easiest solution of the problem. 
In fact, the importance of locating interior lighting 
units well up toward the ceiling cannot be over- 


Fig. 5—SpecutarR REFLECTION OR GLINT MAY SOMETIMES 
Prove an Arp To VISION HspeciALLy IN STREET LIGHTING 


emphasized. In street lighting, where, in nearly all 
cases the lamps are seen against an almost perfectly 
black background the need for high mounting is even 
more urgent. 

The first comprehensive tabulation in which various 
light sources, both natural and artificial, are classified 
as to glare and in which proportionate weight has been 
given to the location of the source in the field of view, 
is included in the Illuminating Engineering Society’s 
revised Code of Lighting. This Code was prepared 
by the Society to make available authoritative informa- 
tion for legislative bodies and others who are interested 
in regulations covering lighting and it also serves as a 
guide for factory owners and operators in improving 
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the lighting conditions in their own plants. The Code 
is now an American Standard indorsed by the A. I. E. E. 
and many other national organizations. Tables III, 
IV, V and VI and the appended matter are reprinted 
from the Code. 


TABLE III. 
CLASSIFICATION OF LIGHT SOURCES FROM THE 
STANDPOINT OF GLARE 
Grade I indicates sources of maximum softness. 
Grade X indicates sources of maximum harshness. 


Maximum Visible Total Candle Power in 


Brightness Direction of Eye 
Less 20 50 150 500 
(Apparent candles than to to to to 
per sq. in.) 20 50 150 500 2000 
Grade Grade Grade Grade Grade 
Less than 2 I I II Il Iil 
2 to 5 {E-—o IE III IV Vv 
5 to 20 I Til IV VI Vit 
20 to 100 IV V VI VII VIII 
100 to 1000 V We Vil VIII Ix 
1000 and up VI VII VIII IX x 


In Table III, Light Sources are classified from the 
standpoint of glare, taking into account both. the 
maximum visible brightness and the candle power in 
the direction of the eye. However, it is not con- 


TABLE IV. 


SPECIFIC CLASSIFICATION OF LIGHT SOURCES FROM THE 
STANDPOINT OF GLARE AS DERIVED FROM TABLE III 
NATURAL LIGHT SOURCES 


(As seen through windows or skylights) 
Grade 


Sun x 
Very Bright Sky V 
Dull Sky 

Sun Showing on Prism Glass 


OPEN GAS FLAMES II 


Incandescent Mantle Gas Lamps 


Cluster 
| or high 
\ Large Large | pressure 
Mantles| Mantles} single single ; lamp 
con- con- mantle | mantle con- 
suming | suming |or cluster/or cluster} suming 
2-5 5-8 8-12 12-20 above 
cu. ft cu. ft. cu. ft. cu. ft. |20 cu. ft. 
per br per hr. | per hr. | per hr. | per hr. 
Grade | Grade Grade | Grace Grade 
Clear Glassware V VI Vil VIlt IX 
Frosted Globes Iil Iv 
6-in. Opal Globe* It 
8-in. Opal Globe* Til IV-VI 
10-in. Opal Globe* hi Il III-V V-VII | VI-VIII 
12-in. Opal Globe* 
Dome Reflector 
Mantle Visible Vv VI VII VIiIl iA 
Mantle not Visible I Il II IV Iv 
Bowl Reflector 
Mantle Visible Vv VI VII VIil Ix 
Mantle not Visible Il Il IIL Vv V 
Totally Indirect* I-II II iit 
Semi-Indirect Bowls* Il-IIt I-IV TII-V1I 


La ie bese TS SS ee ee 

*Where a range is given the best grade, that is the lowest, applies to - 
globes that are evenly luminous, and the poorest to globes which have a 
decidedly bright spot in the center. 
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TABLE IV—Continued 
ARC LAMPS 
Grade 
Enclosed ares, clear globes x 
Flame arc, clear globes noes 
Flame arc, opal globes VII-VIII 
MERCURY VAPOR TUBES Vi 
CARBON AND METALLIZED FILAMENT INCANDESCENT LAMPS 
8c. p. V 
16 ¢. p. V 
Sac. VI 
Tungsten Filament Incandescent Lamps 
Watts 10-25 40-60 75-100 150-200 300 500-1000 
Grade Grade Grade Grade Grade Grade 
Bare Lamps VI Vil Vill 1D.¢ IX x 
Frosted Lamps or Frosted Globes il Til VI Vil VIIt 
8-in. Opal Globes* I I-II I-IV IvV-VI 
12-in. Opal Globes* II-III II-V Iv-VI VII-VIII 
16-in. Opal Globes* II-V IV-VI V-VII 
Flat Reflectors—Filament Visible VI VII Vill Ix Ix x 
Dome Refiectors—Steel or Dense Glass 
Filament visible from working position VI VII VIil Ix IX x 
Filament not visible from working position I I SIL Iil IV VI 
Steel or Dense Glass 
Filament visible from working position VI VII VIII IX IX x 
Filament not visible from working position IL Il III IV RA VIL 
Dome Refiectors—Bowl-Enameled Lamps IV Vv vi VI 
Semi-Enclosing Units* III-IV Iv-vVI IvV-VIil VI-VIIL 
Totally Indirect Lighting* I-If I-II II Tit 
Semi-Indirect Bowl* I-III II-lit II-IV II-VI 


*Where a range is given, the best grade, that is the lowest, applies to globes that are evenly luminous, and the poorest to globes which have a de- 


cidedly bright spot in the center. 


venient in most cases to make the measurements neces- 
sary to determine which class a light source is in accord- 
ing to this table. Therefore another table has been 
shown in the Codé, Table IV, in which specific light 


TABLE V. 
CHART OF THE FIELD OF VIEW 


Classification of Position of Light Source Which Takes into Account the 
Distance from the Eye and the Angle of the Line of Vision. 


Horizontal Distance of Light Source 


Height above from Observer in Feet : 
Floor in Feet} 1 2 3 4 6 8 10 12 16 20 25 30 35 40 50 60 & up 
6.50 sa (Ae AP AC AA, SA eA Ay eAS Ar) AeA. BBB, Bi 
6.5- 2) 2D). Cen BB Be (BB eB. Be 
Tos CAG DAD TD (iG GONG: 2626 56: . CO iG AG 
8-9 GAG (Git Phe D-DD) C i@: 1O..C. CuGeO: DD 
9-10 G GG. GP FE EE DD DPD D,D Dp 
10-11 Gyr G (GG YG: I SP aD DDS. DD 
11-12 G GGG GO re Per Pen hs De Debpep 
12-13 GG Gse @ Gober © Ff Hebe Ree 
13-14 GnaG -GneG.G iG"G BRAD Fy EB ee 
14-15 CG GE Ee Ge Ge Gre Gee Ee is An nt es 
15-16 GG @G'O@°C@ GSS 5G hare Eee 
16-17 G-&° GG G@ GGG’ GG. @ HE! By biek 
17-18 GWG 1G i GG A Gs a ee 
18-19 GoG.G & oC G GG GG Ge Gee 
19-20andupiG GGGGGGGGGGEGGGG 


’ *Olassifie as A unless light source is so nearly above the head of opera- 
tor as to be quite outside of field of view in which case classify as E. 


sources upon which the een have been made 
are listed with their grades. 

Table V, Chart of the Field of View, classifies light 
sources according to their position in the field of view, 


‘TABLE VI. 


SHOWING LIMITING GRADES OF LIGHT SOURCES 
PERMISSIBLE FOR VARIOUS LOCATIONS 


Space or work to be lighted. 


Storage spaces Offices and 


Classifica- |Roadways and] aisles, stair- Ordinary {drafting work 
tion of |yard thorough-jways, handling] manufactur- jand certain 
position fares coarse material|ing operationst minfg. 
operations* 
Limiting Limiting Limiting Limiting 
Grade Grade Grade Grade 
A VI V Til a, 
B VII Vi V ie 
Cc VIII VII VI [V5.4 
D Ix VIL VII VI 
E TX IX Vill Vil 
F x x Ix VIII 
G x x x x 
BACKGROUND 


Where the background and the surroundings are very dark in tone, 
a light source of one grade softer than that specified in Table VI may be 
required. Where the background and surroundings are very light in tone 
one grade more harsh than that specified in the table may sometimes be 
permitted. 


‘}For the present the limits set in this table cannot be rigidly applied to 
portable lamps used for temporary - work such as setting up machines 
repairing automobiles, etc. 

*Those operations in which workers are apices apewid in one direction 
for long periods of time. ' 
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TABLE VI-A. 
SHOWING GRADES OF LIGHT SOURCES WHICH ARE 
CONSIDERED GOOD PRACTICE FOR VARIOUS LOCATIONS 


Space or work to be lighted 


Storage spaces Offices and 
Classifica- |Roadways and| aisles, stair- Ordinary drafting work 
tion of |yard thorough-|ways, handling] manufactur- |and certain 
position fares coarse materialjing operations mfg. 
operations 
Grade Grade Grade Grade 
A IV III I I 
B V IV III II 
Cc vi Vv IV Ill 
D Vil VI Vv IV 
E VIiIl VII VI Vi 
F IX IX VIII VI 
G x x Ix Vili 


7. e., their horizontal distance from the observer, and 
their height above the floor. To be glaring, a light 
source must either be located in a position close to the 
eye or, if at a distance, it must lie within a small angle 
from the ordinary line of sight. Light sources in 
positions denoted by the first letters of the alphabet 
in Table V are close to the eye or close to the line of 
vision, and are most likely to be the cause of discomfort. 
Light sources in positions HE, F and G are farther from 
the eye or without the direct line of vision and are less 
likely to cause glare. 


Class F J 
Position 


Class G 
Position | 


0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 


Fig. 6—TypicaLt Position GIvEN IN THE CHART OF THE FIELD 
oF VIEW, SEE TABLE V 


Table VI of the Code combines Tables IV and V 
and shows the limiting grades of light sources permis- 
sible for various types of work, when the light sources 
are located in the different positions in the field of view. 

In addition Table VI-A which is not contained in 
the Code has been computed. This table shows the 
Grades which are recommended for various conditions. 
It should be used in preference to Table VI in planning 
new installations and in all other cases, except when the 
question is simply one of whether the lighting system 
is acceptable from the legal standpoint. 

These tables may appear formidable, however, they 
are in reality very simple to use as may best be de- 
monstrated by trying them out in one or two ex- 
amples. For instance, consider the lighting in the 
machine shop of an industrial plant which is being in- 
spected to find whether it comes within the require- 
ments of the lighting code. 

Because of the very low ceiling the lighting system 
which had been recommended by a competent engineer 
for this shop consisted of R L M dome reflectors with 
150-watt bowl-enameled lamps mounted 81% ft. above 
the floor and spaced 10 ft. apart. The owner of the 
plant, however, decided that he would save himself a 
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little trouble by using clear lamps instead. Other- 
wise the lighting was installed as recommended. A 
number of machinists work in this room. Their work 
does not keep them in one position for a long period 
of time. 

The inspector found that the most troublesome light 
source from the point of view of any one workman was 
the second? unit directly in front of his machine, at a 
horizontal distance of ten to twelve feet. Referring to 
Table V, the inspector found that for units located at 
a height of eight to nine feet and a horizontal distance of 
ten to twelve feet their position in the field of view is 
classified as D. By referring to Table IV, he also found 
that a dome reflector and 150-watt clear lamp the fila- 
ment of which is visible, is classed in Grade IX, and 
again, that in Table VI under the column headed 
“Ordinary Manufacturing Operations” in the fourth 
line, opposite D, the harshest grade of light source which 
it is permissible to use is given as Grade VII. The 
lighting system in this plant, therefore, did not meet 
the Code requirements as far as provision against glare 
was concerned and the inspector’s position was that 
the owner of the shop must change the lighting and 
he suggested that bowl-enameled lamps be installed as 
originally recommended. According to Table IV 
dome reflectors with 150-watt bowl-enameled lamps fall 
in Grade V which is well within the Code requirements 
and which, incidentally, is the grade of source which 
Table VI-A mentions as representing good practise 
for this class of service. It is of interest to note that 
one large manufacturing concern which recently 
rehabilitated its lighting found in the course of experi- 
ment that not only did the substitution of bowl-enam- 
eled lamps for clear lamps provide greatly increased 
comfort for the employes but it also resulted in a 
measurable increase in production in the departments 
where the change was made. 

The following explanatory notes for the guidance of 
inspectors and industrial plant operators are taken 
verbatim from the I. E. 8. Code. 

“From Table IV the majority of bare incandescent 
lamps are seen to have a relatively poor rating; that is, 
most of them fall in Grades VII to IX, and it is 
evident from Table VI that Grades VII to IX are never 
to be permitted in work rooms in positions A, B or C. 
That is, the use of bare incandescent lamps is prohibited 
in working areas except when they are located at 
considerable heights above the floor or when they are 
so placed as to be out of the field of vision. At the 
present time it will be found necessary from a practic- 
able standpoint to delay the strict enforcement of this 
provision in a very few instances, particularly in the 
case of extension cord lamps used in temporary work, 
such as in setting up machinery and in repairing auto- 
mobiles, ete. 


3. With a flat reflector the third or fourth unit ahead might 
have caused still greater discomfort on account of its closer 
proximity to the line of vision but with an R. L. M dome at a 
height of eight feet to nine feet the lamp filament in these more 
distant units is cut off from view by the skirt of the reflector. 
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“It will be noted from Table IV that the sources of 
natural light, side and ceiling windows, usually fall in 
Grade iV. This means (see Table VI) that no man- 
datory rules are established as to the use of shades, 
awnings, etc., except in those cases where the sky is 


7—An AmpLe Suppiy or Sorr Wextxi Dirrusep Licut 
AND PaRTICULARLY FREEDOM FROM SHADOWS IS REQUIRED 
FoR Drartinc Rooms 


Fig. 


visible through portions of the sash in position A, 
that is, less than 6.5 ft. above the floor, or where the 
sun itself comes within the range of vision. 

“However, Grade II is the limiting value for light 
sources less than 6.5 ft. high, in offices, and other loca- 
tions where the workers are seated facing in one direc- 
tion for considerable periods of time. Hence, in these 
cases, to comply with the Table, the work must be so 
arranged that the employees are not required to face 
windows where the sky is visible through the lower 
sash; that is, less than 6.5 ft. above the floor. 

Prism glass when so located as to catch the sun’s 
rays ordinarily has a very much poorer rating than 
clear glass; hence, where it is used the installation of 
window shades or curtains should ordinarily be re- 
quired. 

“Glare by Reflection. Another way in which glare is 
produced is by the reflection of light from polished 
surfaces in the field of vision. The difficulty ex- 
perienced in protecting the eyes from this kind of glare 
is sometimes very great. The brightness of the image 
on the working surface is, of course, proportional to 


the brightness of the light source above it, and hence | 


one way in which to minimize this effect is to diffuse the 
downward light; that is, to use a bowl-frosted, or 
bowl-enameled lamp or an enclosing fixture, or to 
employ semi-indirect or totally indirect lighting fixtures. 
In some cases the light source can be so located that its 
reflection is directed away from, rather than towards, 
the eyes of the workers. The avoidance of highly 
polished surfaces in the line of vision is another good 
way to minimize reflected glare. 

“There are some instances, on the other hand, where 
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sharp shadows and specular reflection from the materials 
worked upon actually assist vision. For example in 
sewing on dark goods the thread is much more easily 
distinguished when illumination is secured from a con- 
centrated light source, such as a brilliant lamp filament, 
which casts sharp shadows and gives rise to a distinct 
glint from each thread. However, in these cases the 
light source must be particularly well shielded from the 
eyes of the worker.” 

Lest in his efforts to minimize glare one should arrive 
at the conclusion that the best way of all to accomplish 
this purpose is to extinguish the lamp, the following 
quotations from the closing paragraphs of the Code are 
also included. 


ADVANTAGES OF GOOD ILLUMINATION 


“While the advisability of good natural and artificial 
illumination is so evident, that a list of its effects may 


F/' seem commonplace, these effects are of such importance 


in their relation to factory management that they are 
worthy of careful attention. These effects of good 
illumination, both natural and artificial, and of bright 
and cheerful interior surroundings, include the fol- 
lowing: 


Fig. 8—AmpLtEe ILLUMINATION WITHOUT GLARE 


“1. Reduction of aceidents. 
“2. Greater accuracy in workmanship, resulting in 
improved quality of goods. 
“3. Increased production for the same labor cost. 
“4. Less eye strain. 
“5. Greater contentment of the workmen. 
. More order and neatness in the plant. 
ME Supervision of the men made easier. 

“While it is difficult to place a definite money value 
on the savings effected in increased production and 
improved quality, by good illumination, it by no means 
follows that such savings are insignificant or unsub- 
stantial. The factory owner who ignores them neg- 
lects his own interests. Other items in the foregoing 
list, even more difficult to value definitely, are none 
the less real; taken together, they constitute a power- 
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ful argument in favor of the best available illumina- 
tion.” 


Appendix 


Let 4, ad: represent area of light source 
b;, b. represent brightness of background 
C1, C2 represent candle power of source 
d,, d, represent distance from source to eye 
I. Where the area of the source and its distance from 
the eye are held constant and the candle power of 
the source is varied then to maintain equality as to 
1 33 


glare 
be na ( C2 ia =f C2 ) 
Be tom, Nsrs BAL & 


II. Where the brightness of the background and 
the distance from the eye to the source are held con- 
stant and the candlepower of the source is varied 


then 
“st 1 3.3 
se sep otc!) 
ay ie Ci “- Cx 
III. Where the brightness of the source candle 


power per unit of area and the brightness of the back- 
ground are held constant and the candle power of the 
source is varied then 

0.5 


d ( C2 ) ( C2 ) 
d; Ci - Ci 


IV. Where the candle power of the source and the 
brightness of the background are held constant, and 
the area of the source is varied then 

log 42. 


= 0.216 
d, ( a; ) log 5 ( ay ) 
d; ES ae T: ae 
VY. Where the brightness of the background and the 


area of the source are held constant and the candle- 
power of the source is varied, then 


1 
ds = C2 
d; Es ( Ci 


wa 
Discussion 

F. C. Caldwell: The lack of understanding on the part 
of the publie of the whole problem of lighting was well brought 
out by Mr. Harrison’s paper. One point needs a little more 
emphasis and that is the erroneous idea that glare is solely a 
function of brightness. Mr. Harrison has clearly demonstrated 
that the glare produced by excessive quantity of light is more 
serious than that produced by too great brightness. This is 
just one example of the general misapprehension of these simple 
laws on the part of even intelligent people. 

H. Calvert: There is one statement, made in the first 
paragraph which may be correct, but does not appear to be so. 
I refer to the statement :—“‘they forget that the 200 candle power 
lamp of the present generates no more thermal units than did a 
single candle in the days of ourforefathers.” It would beinterest- 
ing to know how this conclusion was reached. : 

G. H. Stickney: Glare in lighting represents an undesirable 
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effect, which is readily recognized, but not so easily defined) In 
a general way there is more or less of an agreement as to what 
conditions of lighting constitute glare, but to express systemati- 
cally, the relative importance of brilliancy, contrast, flux, 
position etc. as contributing causes, has so far baffled the illumi- 
nating engineer. 

He recognizes that there are degrees of glare, that the glare 
encountered in one place is worse than that met in another. It, 
therefore, follows that there should be some way of measuring 
glare. 

A glareometer which would give a reasonable measure, would 
be a great boon to the lighting art. It would not only facilitate 
research, but also would assist greatly in the specification of good 
lighting, the writing of codes, and the inspection of any individual 
lighting installation. ; 

A number of engineers have given quite a bit of study to this 
problem, and have made brilliancy meters, contrast meters and 
pupil meters, but none of these, so far as known to the writer, 
has proved sufficiently comprehensive or practically applicable 
to various conditions. While it is still to be hoped that a suitable 
instrument will be forthcoming, the necessity of the art is such 
that, some other method, of at least classifying conditions in 
terms of the relative degree of glare, is required. This method, 
described by the author, seems to present the most practical 
scheme that has yet been suggested. 

The scheme is really comparatively simple. From observa- 
tion and experience, the various ordinary illuminants are graded 
from I to X with regard to their glare reducing powers. Then 
with a similar symbol, the permissible degree of various opera- 
tions are tabulated, with reference to the position of the illumi- 
nant in relation to the eyes of the subject workman. This pro- 
vides a means of deciding that a selected illuminant does not 
exceed the limits. 

Of course, this is empirical and perhaps arbitrary, but at least 
it is fairly definite. It appears to be reasonable and in line with 
experience. In case later experience should show that certain 
changes in classification should be made, it would seem practi- 
cable to make such changes. But in the interest of practical 
utility, the author’s classification should be adhered to for the 
present. Having been incorporated in the Illuminating Engi- 
neering Society’s Industrial Lighting Code, now an American 
Engineering Standard, the glare classification seems to be ready 
for useful service. 

On the other hand, it is to be hoped that research, which may 
lead to an absolute instrument or method, may be continued, 
neither interfering with the other until a real improvement is 
brought out. 

Ward Harrison: Mr. Calvert asks about the relative 
amount of heat generated by a candle and an incandescent 
lamp of 200 times its intensity. The comparison is about 
as follows: 

An ordinary paraffin candle 13/16 inches in diameter burns 
down at the rate of 114 in. or a little less than 0.025 pounds per 
hour. The generally accepted B.t.u. value for hydrocarbons 
such as paraffin is from 18,000 to 22,000 B.t.u. per pound; 
20,000 X 0.025 equals 500 B. t.u., the approximate heat units 
liberated by a candle in one hour. 

A 150-watt Mazda lamp generates 2100 lumens or approxi- 
mately 200 horizontal candle power. The heat equivalent of 
one kw-hr. is 3410 B.t u., hence, the 150-watt lamp liberates 
515 B. t. a. per hour or approximately the same amount as the 
eandle. As a matter of fact, the ordinary paraffin candle gives 
about 10 per cent less light than the standard candle used in 
photometry, and furthermore, the art of candle making has 
improved considerably during the past 100 years. 

Mr. Stickney emphasizes the desirability of a glareometer. 
Such an instrument is certainly much to be desired but it seems 
as if its mechanism must be possessed of an almost human brain 
in order to integrate brightness, flux, location in the field of view, 
ete. in the same way that we do. 


Philadelphia-Pittsburgh Section of The New York- — 
Chicago Cable 


BY JAMES J. PILLIOD 
Member, A. I. E. E. 
American Telephone & Telegraph Company, New York, N. Y. 


Engineering and construction features involved in a complete telephone cable system over 300 miles in length and con- 
necting Philadelphia and Pittsburgh, Pa. are described in the following paper. This cable is designed to operate as an 
extension of the Boston-Washington underground cable system with which it connects at Philadelphia. Itis also designed 
for operation in connection with the Pittsburgh-Chicago cable now under construction, and other cable projects included 
in a comprehensive fundamental plan. 

Beginning with the fundamental factor of public requirements for communication service between cities separated 
by various distances, there are next considered the methods available to provide this service. Small-gage, quadded, aerial 
cable, which was decided upon for use in this section after careful economic studies, is described in a general way and the 
important advantages of the application of loading and telephone repeaters are outlined. The use, in connection with this 
cable, of the recently developed metallic telegraph system for cables is referred to and some facts are given regarding power 
plants, test boards and but!dings. A few of the many possible combinations of cable and equipment facilities into complete 
telephone circuits, which will furnish the service required as economically as now possible, are illustrated. 

The necessity of complete coordination of the many factors involved in a project of this kind is emphasized. 


INTRODUCTION already completed, forms the groundwork for large 

HE placing in service in the latter part of 1921 of expenditures in the future, it is usual to inquire first 

A ese final section ofacontinuoustelephone cable over into the underlying reasons for carrying out the project 
300 miles in length between Philadelphia and Pitts- and then into the methods adopted. In the following 
burgh marked a new point of achievement in the steady discussion an endeavor will therefore be made to furnish 
development and ¢onstruction of facilities designed some information on these two items in their relation 
to render to the public the best possible long-distance to the Philadelphia-Pittsburgh cable, although, as will 
telephone service. Furthermore, this cable forms an be obvious, the many different points can be covered 
important part of a comprehensive plan of long-distance in only the most general way in the space available. 
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Fig. 1—Rovures or Existing aND Proposep LoNG TELEPHONE CABLES 


cable construction throughout that section of the United However, before going ahead with the discussion, I 
States lying in general east of the Mississippi River would like to point out that this project is not unlike 
and north of the Ohio and Potomac Rivers. many others in that, as a whole and in the component 

In the discussion of a project of this kind which parts, there have been required, first, the careful con- 
involves many new practises and the expenditure of sideration and decisions of the executives, then the 
several millions of dollars and which, with related work underlying work of many scientists, inventors and 

Presented at a meeting of the Philadelphia Section of the sige tai ofS then the skilled work of the manufacturers 
A. I. E. E., January 9, 1922, and at the Annual Convention of and construction forces, and finally the maintenance and 
the A. I. E. E., Niagara Falls, Ont., June 26-80, 1922. operation by trained people who are responsible for the 
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continuous service so vitally necessary to the industrial 
and social structure of the country. The point to be 
emphasized here is that the coordination of all.of these 
factors and the close cooperation of all of the many 
hundreds of people concerned are the important things. 


GENERAL CABLE PLANS AND ROUTES 


Fig. 1 is an outline map of a section of the United 
States and shows the routes of existing and proposed 
long telephone cables of the Bell system. It will be 
noted that the present and proposed routes follow in a 
general way the routes of trunk-line railroads. This 
general section contains more than 50 per cent of the 
entire population of the United States but less than 15 
per cent of the area, and the industrial and telephone 
development is, of course, very great. Furthermore, 
the nearby surrounding states, supplying as they do 
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LONG DISTANCE, OPEN WIRE LINES{ 


Fig. 2—OvutTitinr Mar or PENNSYLVANIA, SHOWING AERIAL 
Lint anp Casie Routes 


large quantities of food products and raw materials, 
are commercially related to this section in a very 
peculiar way and this fact greatly influences the long- 
distance telephone development along the particular 
cable routes indicated. The routes through the State 
of Pennsylvania and the offices at Philadelphia and 
Pittsburgh, which are the terminals of the cable that 
is more particularly the subject of this discussion, 
occupy strategic positions in this system. 

Circuits of the American Telephone and Telegraph 
Company and the Bell Telephone Company of Penn- 
sylvania are carried over these routes and this cable 
was jointly planned and installed by these companies. 

Fig. 2 is an outline map of the State of Pennsylvania 
and shows the situation in this section a little more in 
detail. On this map are shown some of the larger 
cities and routes of the longer and more important toll 
and long-distance telephone lines. As indicated, these 
lines are mainly of the familiar aerial wire type which 
has been generally used in the past for.this. purpose 
and which is today the most efficient and economical 
type of construction for many cases. In the general 
section between Philadelphia and Pittsburgh the 
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requirements for circuits are very heavy and in. addi- 
tion, as is well-known, the topography of the country 
is such that the through routes which can economically 
be used for pole lines are limited. At present, these few 


Fig. 3—Damace to Section or New Yorx-Boston Main 
Lins Near Worcester, Mass. 
Storm of November 28, 1921. 


routes are fully occupied by the pole lines of the various 
utilities and included in these lines are three fully 
loaded telephone trunk lines. Another item of im- 
portance in the consideration of aerial wire construc- 
tion is the very severe damage frequently experienced 
in many sections of the country on heavy aerial wire 
lines from ice and wind storms. Even lines built 


Fig. 4—Srection or New York Boston Main LINE SHOWING 


Heavity Loapep Wir Ice 
November 28, 1921. 


WIRES 


with exceptional strength fail in these storms and the 
interruptions to service are serious matters to the users 
as well as to the telephone companies. The restora- 
tion costs under the conditions that naturally exis 
at such times are abnormally high. ' 
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Figs. 3 and 4 show the effects at one point of the ice 
and wind storm in New England on November 28, 
1921, and are proof that this problem is real. This 
particular spot is near Worcester, Mass., and the line 
is a section of one of the principal aerial wire routes 
between New York and Boston. In this storm, many 
thousands of poles were broken and even where a 
few poles remained standing due to specially strong 
construction, the load of ice combined with the wind 


AERIAL 


or Poxte Line CarryYING 
CABLE 


Fig. 5—GENERAL VIEW 


was too great for the wires to withstand. There is 
therefore a practical limit to the number of wires that 
can be safely and economically carried on a pole line. 

Where the practicable routes for pole lines are limited, 
where the existing pole lines are fully loaded, and where 
estimated future circuit requirements are of consider- 
able magnitude, it is obvious that different methods of 
providing facilities, if available, must sooner or later 
be given serious consideration. The conditions between 
Philadelphia and Pittsburgh and in general along all 
of the cable routes shown on Fig. 1 are now, or are 
expected within a few years to be, such as to make the 
use of some type of construction other than aerial wire 
desirable for most of the circuits. 


After careful studies of the circuit requirements 
for future periods and of the methods available for 
providing long-distance telephone facilities, which in 
general are aerial wire and cable, it has been decided 
that for relief in these sections the cable method will 
give the best and most economical results. Long 
underground cables, as is well-known, have been in 
operation for many years between Boston, New York, 
Philadelphia, Baltimore and Washington, Chicago and 
Milwaukee and in other sections. However, the type 
of cable and associated apparatus which is now being 
used in the development of the more comprehensive 
plan is quite different from that originally used between 
Boston and Washington and in the other sections, 
particularly in the use of copper conductors of a smaller 
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gage combined with improved loading coils, the vacuum 
tube telephone repeater and other methods and appara- 
tus which are the result of recent developments. Lead- 
covered aerial cable supported on wooden pole lines is 
to be used in general on all of the routes except in the 
two sections just mentioned and through cities or where 
special conditions exist for short distances. The 
possibility of now using conductors of No. 16 and No. 19 
A. W. G. instead of conductors up to No. 10 A. W. G. 
as in the older cables, has contributed to make aerial 
construction rather than underground conduit the more 
economical in many sections, as one cable will provide 
for a much greater number of circuits and conse- 
quently fewer cables will be required. 


LINE CONSTRUCTION 


The general type of aerial construction which was 
used for over 250 miles of the total distance of 302 miles 
from Philadelphia to Pittsburgh may be seen from Figs. 
5 and 6 which illustrate the poles, steel suspension 
strand, metal supporting rings and the cable. The poles 
are 25-foot untreated chestnut spaced 100 feet apart and 
designed to carry additional cables in the future. While 
the poles are new and carry only one cable they have a 
factor of safety of about 9 under the most severe storm 
conditions expected, but this will of course be reduced 
as other cables are placed and will gradually be 
decreased on account of decay at the ground line until 
it -becomes necessary to start replacing the poles. 
Many of these poles were grown near the locations 
where they now stand. In other sections, it is planned 
to use butt-treated chestnut or cedar poles, or creosoted 
pine poles where these prove to be the more economical. 


SUPPORTING ABRIAL 
MESSENGER 


Fig. 6—MertHop oF CABLE AND 


The galvanized steel suspension strand has a breaking 
strength of about 16,000 pounds and the actual tension 
under normal conditions is about 7000 pounds. In 


placing the strand, it is necessary to pull it to just the 


right tension in order that when the cable is hung it 
will have the proper sag. The correct tension is 
readily determined by what is known as the “‘oscilla- 
tion” method. The metal rings are spaced 16 inches 
apart and the cable weighs about 714 pounds per foot. 

The size and make-up of the cable vary somewhat 
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with the number of circuits of the various types that 
are to be provided in the different sections, but in 
general it is full size, that is, its over-all diameter is 
25% in. which is about the maximum size of telephone 
cable. The sheath is of lead-antimony alloy, one- 
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peers 


Fic. 7—CasLE LINE ON SEeven-MiILE StRetcH oFr “LINCOLN 
HIGHWAY 
Aerial wire line to be dismantled later. 


eighth of an inch thick, and under normal conditions 
it is, of course, air-tight to keep moisture from entering, 
The cable for the aerial section was received from the 
factory in 500-foot lengths, this being largely deter- 
mined by the arrangement necessary to permit the 
proper installation tests. 
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tions it was necessary to obtain private right-of-way 
or to use longer routes removed from this highway on 
account of the lines of various kinds already in: opera- 
tion.there. It is very desirable for economic reasons 


to keep the length of these cables as short as. possible 


ie | Fig. 9—CasLte Crossing At JUNIATA RiIvER 

and in some cases this is absolutely necessary to obtain 
proper operating conditions. However, the most 
direct routes cannot always be used, for many obvious 
reasons, and this problem required careful considera- 


tion in all sections of the cable. 


Fig. 8—Casie Linn Across VALLEY aT GRAND VIEW 


ROUTE 


We might next consider the route selected and for 
this purpose Fig. 2 will again be helpful. It will be 
noted that starting at Philadelphia, the cable is routed 
to Reading touching Pottstown, Phoenixville and other 
points. From Reading to Harrisburg the cable follows 
closely the William Penn Highway, although in sec- 


Fie. 10—Casire Line on STEEP SLOPES 


Between Harrisburg and Pittsburgh the Allegheny 
Mountains had to be crossed and for this crossing 
only two general routes were found practicable, the 
first following an existing pole line which is the New 
York—Chicago telephone line through Lewiston, 
Altoona, etc., and which we may call the northern 
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route, and second a southern route through Shippens- 
burg, Bedford and Ligonier for the most part along 
the Philadelphia-Chicago line and also the Lincoln 
Highway. A middle route which is now used for the 
Harrisburg-Pittsburgh line was not seriously considered 
as the country was too rough for economical construc- 
tion and maintenance and no important advantages 
were to be obtained. After careful surveys and cost 
studies, taking into account all existing and antici- 
pated conditions, such as circuit requirements and towns 
to be reached, length of practicable routes, maintenance 
conditions, freedom from probable physical and elec- 
trical interference, etc., it was decided to build on the 
southern route. 

This route, while of nearly the same length as the 
northern one and offering some important advantages, 
was not free from difficulties as it crosses the Allegheny 
Mountains within a few miles of the highest point. 
Fig. 7 shows the cable line on what is known as the 
seven-mile stretch of the Lincoln Highway east of 


Fig. 11—Narrow-Gace Mowtnrain RatbRoaD AND Frat Car 


Ligonier, and here the going was fairly good. The 
Philadelphia-Chicago aerial wire line is also shown and 
two of the crossarms carrying 10 wires each are to be 
removed in the near future and the circuits operated in 
the cable. It is planned to remove the remaining 
two crossarms later on. Fig. 8 shows the cable across 
a valley and is taken from the point on the Lincoln 
Highway called Grand View. Fig. 9 shows the cross- 
ing of the Juniata River east of Bedford where special 
construction was used. Fig. 10 shows just one example 
of the conditions encountered in crossing the many 
mountains and a photograph does not do the scenery 
or the construction difficulties justice. On account 
of the steep slopes, clamps are used at many points 
to fasten the cable to the strand. 


Narrow-gage timber railroads were used in the moun- 
tains where possible to get material to the job and 
Fig. 11 shows one of the regular flat cars adapted 
for our purpose. Fig. 12 shows two 5-ton tractors in 
action on top of one of the mountains. As many 
sections of the country are very rough and highways 
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several miles distant it seemed that no other method 
of transporting the cable reels, which weigh nearly 
5000 pounds, could possibly be used, and certainly no 


Fig. 12—Tracrors Puacing Caste REELS IN RouGH CouNTRY 


other means would have been as satisfactory. Even 
with these methods the cable reels could not always 
be delivered where desired and in some cases it was ° 
necessary to pull the sections of cable through the 
rings for a distance of nearly a mile to get them in 
place. 


Fig. 13—Pince or CaBLe with SHEATH Partity REMovED 


, CABLE MAKE-UP: 

As stated before, the make-up of the cable varies 
somewhat with the circuit requirements in the differ- 
ent sections but the wires and arrangement in a typical 
section of cable are roughly illustrated in Fig. 18. 
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The cable is of quadded construction, that is, the wires 
are first wrapped with dry paper for insulation and 
twisted into pairs and then two pairs are twisted into 
what is called a quad. These quads are arranged 
in concentric layers as shown and great care and skill 
are required in the design and manufacture or there is 


Side Circuit #1 


Phantom Circuit 


Side Cincutt £2 


Fia. 14—GeneraLt PHaNntom Circuit ARRANGEMENT 
Four wires providing three circuits. 


certain to be serious cross-talk between the several 
hundred circuits when used for long-distance service. 
Even after the application of the best present manu- 
facturing methods, tests are made on all circuits at 
three points in each loading section of 6000 feet while 
the cable is being spliced. These tests are made 
in order to determine the best possible arrangement 
of conductors for still further reducing cross-talk 
between circuits, and the splicing is done accordingly. 

There are 19 quads of No.16 A. W. G. and 120 quads 
of No. 19 A. W. G. pure copper conductors in one of 
the principal sections, and the arrangement of the four 
wires in each quad is such that two physical circuits 
and one phantom circuit are made available. The 
method of obtaining three telephone circuits from two 
pairs of wires is old and extensively used. It is illus- 
trated in Fig. 14. The method results in a 50 per cent 
increase in the number of available circuits and its 
application to this project is therefore of very great eco- 
nomic importance. Now the total of 189 quads multi- 
plied by 3 gives 417 circuits or as many as could be 
carried on about 14 heavily loaded pole lines if aerial 
wire were used, but as will be described later, we will 
have to use two of these circuits to make one telephone 


Fig. 15—Loapine Corts CONNECTED TO A GRoUP OF FouR 
WIRES AND ARRANGED FOR PHANTOM OPERATION 


circuit in some cases where the distances are compara- 
tively great, so it is expected that only about 300 
telephone circuits will be obtained for regular service. 
This is as many as could be carried on 10 heavily loaded 
pole lines if aerial wire were used. It is now thought 
that in some sections this number of circuits will take 
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care of future demands for about 10 years after allow- 
ing for the dismantling of some existing aerial wire. 

As these cables can be obtained in any size desired 
up to the maximum, the period for which they should 
be engineered can be determined from studies of circuit 
requirements and costs. These studies are of very 
great importance and the cost considerations include 
of course annual costs of the various plans over proper 
periods as well as first costs. 


LOADING 


Loading coils are now connected to many of the cir- 
cuits and all of the circuits in this cable are intended 
to be equipped with coils located at 6000-foot intervals. 
The theory and practise of loading are described in 
papers previously presented before the Institute! and 


Fig. 16—Loapine Fixture 


for our purpose it will be sufficient to state that these 
loading coils very materially reduce the attenuation 
losses and improve the quality of transmission as 
compared to cable circuits not so equipped. The 
improvement in so far as the attenuation losses are 
concerned, varies with the type of circuit and loading 
coils, but with one of the No. 19 A. W. G. circuits in 
this cable loaded with coils having an inductance of 
0.175 henry located at 6000-ft intervals, the losses are 
only about one-third as great as in a similar circuit 
without the coils. ‘The connections and arrangements 
of the coils are shown in Fig. 15 and it will be noted 
that coils have been connected to both the physical 
and phantom circuits.. The arrangement is such that 
there is no appreciable interference between circuits 
due to magnetic action in the iron cores of the different 
coils or to the necessarily close electrical relation in 
the windings. 

1. Papers by M. I. Pupin, Transactions of A. I. E. E., 
XVII, May 1900 and XV, March 1899. 


Paper by Bancroft Gherardi, Transactions of A. I. E. E., 
XXX, June 1911. 
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The loading coils are potted and sealed in iron pots, 
two of which are shown in Fig. 16, and in the country 
these are mounted on pole fixtures. Each pot contains 
36 groups of 3 coilseach. The pots are nearly 30 inches 
in diameter at the flange, 52 inches high and weigh 


Fig. 17—Loapine Cort Core 


about 2700 pounds. The pots can be obtained in dif- 
ferent sizes depending upon the number of coils which it 
is desired to install at one time. When the cable was in- 
stalled, extra lead sleeves were placed at the loading 
points and a little slack left in the wire to facilitate 
the connection of four additional loading pots 
to the cable at some later date. when the circuits 
are needed. The loading points must be uni- 
formly spaced in order to obtain the proper im- 
pedance characteristics in the circuits as_ will be 
referred to later. Fig. 17 shows the iron core 
of a loading coil, and Fig. 18 shows this core wound 
with insulated wire and then wrapped with cloth 
and the terminals brought out nearly ready for potting. 


Fie. 18—Loapine Coin wita Winvinc CompLerep 


Fig. 19 shows several coils arranged on one of the 
spindles which will be placed in the iron pot also 
shown. This particular pot will hold 7 spindles and 
when they are in place, the pot will be filled with com- 
pound and thoroughly sealed. 
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TELEPHONE REPEATERS 


Even with the improvement in the quality of trans- 
mission and reduced attenuation losses effected by 
the use of loading coils, loaded cable circuits alone 
of No. 16 and No. 19 A. W. G. could be satisfactorily 
operated for distances less than 100 and 60 miles, 
respectively, and this is far short of our require- 
ments in this case. In fact, we wish to operate some 
telephone circuits on these conductors and through 
this cable and future cables up to at least 1000 miles 
in length. This can be accomplished by the use of 
telephone repeaters connected to the loaded conductors. 

Telephone repeaters have been developed to a high 
state of perfection and are completely described in a 
paper presented by Messrs. Bancroft Gherardi and 
Frank B. Jewett at a joint meeting of the A. I. E. E. 
and the Institute of Radio Engineers in New York, 


Fig. 19—Loapine Cors on Spinpie, Iron Loapine Corn 
CasE AND SPINDLE CABLES 


October 1, 1919. Briefly, the purpose of a telephone 
repeater is to receive small telephone currents, am- 
plify them and send them on, preserving all the 
while the original wave shape. Therefore, if one or 
more telephone repeaters are properly inserted in 
circuits adapted to their use, the range of satisfactory 
transmission can be greatly extended. As many 
hundreds of vacuum-tube repeaters are in operation on 
the Philadelphia-Pittsburgh cable and connected cables, 
and as a great many more are planned for future 
installation, we will briefly consider the elementary 
features of some of the types of repeaters used. 

Fig. 20 shows the structure of the vacuum tube which 
is an essential element of this type of repeater. It is 
a small glass bulb with a vacuum that is as good as 
is practicable to obtain. In the tube is a filament 
which is heated to incandescence during operation, 
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and a grid and plate. The circuits directly associated 
with the tube are shown in more detail in Fig. 21, and 
this would constitute a device for amplifying currents 
from one direction. As is well understood, any 
change in the potential impressed on the grid causes 
a change in the current flowing in the plate-filament 


Fig. 20—Vacuum TuBE 


circuit. To obtain complete two-way repeater action 
two of these amplifier arrangements are combined 
with the circuits shown in Fig. 22. 

It will be noted that the line circuit from one direc- 
tion, for instance, the one designated “‘line west,’ is 
connected through a three-winding transformer to a 
balancing network which is so made up as to balance 


Filament Grid Plate 


By, 
Receiving Circuit | | Transmitting Circuit — 


Fig. 21—Vacuum-TusEr RerpeaTER HLEMENT 


the line as nearly as possible at telephone frequencies. 
This balance is essential to proper repeater operation. 
The circuit arrangement is such that part of the 
incoming energy is diverted to that part of the circuit 
containing the input coil directly associated with this 
three-winding transformer. By the action of the 
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vacuum-tube arrangement amplified energy is trans- 
mitted to the line east. That part of the original 
incoming energy from the line west that goes through 
the balancing network or the output coil is not, of 
course, transmitted along into the line east. The 
operation. in the case of currents incoming from the 
line east is similar and it will be noted that the complete 
repeater circuit is made up of two symmetrical parts. 
This circuit arrangement constitutes what is known 


LneWast 


Fig. 22—Two-Way Vacuum-Tuse REPEATER CIRCUIT 


as a two-wire repeater and the apparatus is, of course, 
all closely associated in the same office. : 
Several of these repeaters may be inserted in tandem 
at appropriate points in a circuit, but there is a limit 
to the length of circuit that can be satisfactorily 
operated with this arrangement, this length depending 


upon the type of the facilities used. When longer 


circuits are required, a four-wire arrangement is used, 
as shown in Fig. 23. It will be noted that in this 
arrangement the three-winding transformers are not 
located in the same office but may be in offices several 
hundred miles apart: At each of the intermediate 
stations a vacuum-tube amplifier arranged for ampli- 
fication in one direction only is connected to each’ of 
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Fie. 23—Four-Wirb Circuit 


Equipped with telephone repeaters and arranged for connection to two- 
wire circuits at the terminals. 


the two branches of the circuit. Two circuits are, 
of course, required between the terminals and these 
may be either physical or phantom circuits. 

An advantage of this arrangement is that balancing 
networks are not required at each repeater station and 
the general matter of balance and consequently good 
repeater operation in the circuit as a whole is greatly 
simplified. This arrangement can, therefore, be satis- 
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factorily used for long circuits where two-wire operation ance component of the impedance of a No. 19 loaded 
might be impracticable, and examples would be such cable circuit with all loading coils in place. The 
circuits as New York-Pittsburgh or New York-Chicago. solid line in Fig. 27 shows the resistance component 
found in impedance measurements on the same circuit 
with one coil omitted at the thirteenth loading point 
from the end at which the tests were made. It will 
be noted that in the latter case the characteristics of 
the circuits vary greatly with frequency. It would 
therefore be very difficult as a practical proposition to 
build up a network that would balance lines in this 
condition, and such variations in the electrical charac- 
teristics of a circuit impair the quality of telephone 
transmission, as the currents of different frequencies 
are differently affected. The necessity for careful 
maintenance work in promptly replacing loading coils 
which may become defective or preventing other 
irregularities from creeping into the plant will therefore 
be clear. 


TRANSMISSION REGULATION 


The resistance of small-gage cable conductors is 
one of the important factors that determine the trans- 
mission losses of a circuit. The resistance of a No. 19 
A. W. G. pair is about 88 ohms per mile so that in a long 
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Both of these types of circuits may be operated on 
No. 19 A. W. G. four-wire facilities which may be either 
physical or phantom circuits. 
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Fig. 24 shows a group of repeaters installed in the 3 20 =| -40 
office at Reading, Pa., and Fig. 25 shows one of the ~ j¢0 == a i Dein a 
four-wire repeater units in somewhat greater detail. ees eS Te 
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Fig. 26—LINE CHARACTERISTICS—A CABLE CircuIT IN NORMAL 
CoNDITION 


circuit this factor of line resistance reaches considerable 
proportions. Now as most of the cable is aerial, the re- 
sistance of the conductorsis of courseaffected by changes 
in temperature both daily and seasonal and the trans- 
mission losses vary accordingly. These changes in 
transmission values are of such magnitude that auto- 
matic transmission regulators are being provided for 
certain groups of longer circuits. All changes in the 
transmission equivalents of the circuits from whatever 
causes must be carefully watched and necessary adjust- 
ments made or the service will be seriously affected. 


TELEGRAPH 
Fic. 25—AsseMBLY or Four-Wire Repeater APPARATUS In the section between Philadelphia and Pittsburgh 
practically all of the existing long aerial wire circuits 
LINE IMPEDANCE are composited, that is, they are arranged for simul- 


In order that networks may be used to balance the taneous telephone and telegraph operation. The 
lines for repeater operation, it is necessary asa practical telegraph circuits thus obtained are generally used in 
proposition that the impedance characteristics of the furnishing what is sometimes called “leased wire” 
lines be fairly uniform over the range of telephone service. The ground return system providing either 
frequencies. The solid line in Fig. 26 shows the resist- full duplex or single-line operation is used and the 
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line currents average about 75 milliamperes. This 
grounded telegraph system cannot be used where simul- 
taneous telephone and telegraph service is desired on 
loaded cable circuits of the length involved in this 
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cable, and as a part of the work of carrying out the 
comprehensive toll cable plans of the Bell system, a new 
telegraph system had to be developed. It was found 
preferable to use a metallic return circuit and to limit 
the line current to a value between 3 and 5 milliamperes 
in order to prevent serious interference to the tele- 
phone circuits due to the “flutter effect,’’? Morse 
thump, and mutual interference between telegraph 
circuits. Morse thump results when the composite 
sets, that is, the apparatus used for separating the 
telephone and telegraph currents, do not completely 
prevent the latter from entering the telephone circuit, 
thus causing interference. The telegraph repeaters 
are located at about 100-mile intervals on the No. 19 


Fig. 28—Trst Boarps 


circuits and at somewhat less frequent intervals on 
No, 16 circuits. The telegraph apparatus is of course 
located in the same buildings that are used to house 
the telephone repeaters, and on the Philadelphia- 


2. Paper by Martin and Fondiller in Journat of A. L. E. E., 
February, 1921. : 
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Pittsburgh cable telegraph repeaters will be located 
initially at Philadelphia, Harrisburg, Bedford and 
Pittsburgh. 

TEST BOARDS 


All of the conductors in the cables are carried into 
stations located at about 50-mile intervals and appara- 
tus is provided in these stations for making regular 
tests to ascertain the condition of the cable and to 
locate trouble quickly. At these offices the different 
kinds of operating apparatus are also connected to the 
cable conductors; examples of this apparatus are phan- 
tom repeating coils, composite sets to permit simul- 
taneous telephone and telegraph operation, telegraph 
repeaters, telephone repeaters and associated balanc- 
ing equipment, signaling apparatus, and where 
required, the switchboards necessary for making the 
telephone connnections involved in furnishing service. 


Fic. 29—Terst anp Repeater Station aT Liconrer, Pa. 


It is necessary that this apparatus which is installed in 
large quantities be systematically arranged and facili- 
ties provided for making quick changes in the circuit 
arrangement. The circuits are wired through jacks 
installed in groups in test boards for this purpose and 
to facilitate testing. One of these boards is illustrated 
in Fig. 28. This particular board is located in one of 
the larger offices. The test boards in one of the repeater 
stations such as Bedford, would consist of a smaller 
number of positions. -A position is three feet in length. 
In Fig. 28 each position bears a number. 


STATIONS AND POWER PLANTS 

Telephone repeaters of either the two-wire or four- 
wire type are connected to the circuits at approximate 
intervals of either 50 or 100 miles, depending upon the 
type of facilities which it is economical to use in the 
different circuits and the kind of service for which a 
given circuit is intended. As mentioned above, tele- 
graph repeaters are installed at about 100-mile inter- 
vals. At some of these points existing offices are used 
while in a number of cases it was necessary to erect 
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buildings for the sole purpose of housing the repeaters, 
testing apparatus and other equipment associated with 
the cable. For example, new buildings of fire-proof 
construction were erected at Shippensburg, Bedford and 
Ligonier. Fig. 29 is a view of the building at the latter 


PITTSBURGH LIGONIER BEDFORD HARRISBURG PHILADELPHIA 
-—— «9 ———+ 4s —t ++ 56 


=— = 303 Miles ——— 


SHIPPENSBURG READING 
56 ME Sé 


PHIL ADELPHIA- PITTSBURGH CiRcuIT. PROPOSED ARRANGEMENT 


E] Telephone Repeater Element 
Al Balancing Network 


—— #IG AWG Heavy Loaded Two- Wire Circurt 
----#13AWG Medium Loaded Four-Wire. Circuit 


Fig. 30—Casxie Circurr ARRANGMENTS 


point and the other two buildings are similar to this 
one, the dimensions being about 50 by 80 feet. Power 
plants are installed in these buildings to furnish current 
of the proper characteristics for operating the apparatus, 
and storage batteries are provided to insure uninter- 
rupted service. As an indication of the size of these 
plants, the 24-volt storage batteries installed for the 
initial:load at Bedford have a ‘capacity of 2240 ampere- 
hours’ and: this provides about’ one day’s reserve. 
The capacity can, of course, be increased as repeaters 
are added from time to time when additional circuits 
are needed.. Storage batteries of smaller sizes supply- 
ing current at potentials of 30, 120 and 130 volts are 
also provided. 


EXAMPLES OF CIRCUIT ARRANGEMENTS 


Fig. 30:shows two possible methods of building up a 
Philadelphia-Pittsburgh terminal circuit and Fig. 31, a 
method of building up a New York-Pittsburgh terminal 
circuit. In all three cases these telephone circuits are 
intended to have a transmission equivalent of about 
12 miles of standard cable. Some Philadelphia-Pitts- 
burgh terminal circuits of the first type have been in 
everyday. operation for several months, but it is not the 
most economical arrangement that it is possible to 
obtain for general use in providing this or similar ser- 
vice. It will be noted that No. 19 four-wire facilities 
are used between Philadelphia and Harrisburg and 
four-wire repeaters are located at these two points. 
At Harrisburg the four-wire circuit is connected to a 
No. 16 two-wire circuit with a two-wire repeater at 
Bedford. This arrangement was used in order to 
start service through the cable with the facilities avail- 
able, but it is intended later on to use the arrangement 
shown in example No. 2. 

In example No. 2, No. 16 heavily loaded conductors 
are used and two-wire repeaters are located at Reading, 
Shippensburg and Ligonier. The total transmission 
equivalent of this circuit without repeaters is about 50 
miles of standard cable so that in order to obtain a net 
equivalent of 12 miles for the circuit each of the three 
repeaters must give a transmission gain of nearly 13 
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miles of standard cable. This circuit could not of 
course be used for telephone purposes without repeaters. 

The third example shows how it is expected to operate 
New York-Pittsburgh circuits intended for business 
between these two terminals. Four-wire No. 19 loaded 
cable facilities are used with four-wire telephone re- 
peaters located at New York, Philadelphia, Harrisburg, 
Bedford and Pittsburgh. 

Even with conductors of only two gages in the cable, 
it is clear that many different combinations of facilities 
can be built up into telephone circuits and an endeavor 
is always made to use the most economical arrange- 
ment that will furnish the service required over each 
circuit group. The examples described above are of 
circuits used for business between the terminals 
indicated and if these circuits were to be connected to 
others extending to points considerable distances 
beyond these terminals different arrangements would 
be required. The cable conductors used in building 
up these telephone circuits can be composited and 
telegraph circuits are thus provided for simultaneous 
operation with the telephone circuits. 


CONCLUSION 

In the above discussion, an effort has been made to 
furnish some descriptive information regarding a 
complete cable system recently completed and now in 
successful operation between Philadelphia and Pitts- 
burgh and designed for long-distance telephone and 
telegraph service. In one sense this discussion may 
be considered a report of the present status of the toll 
cable plant intended to connect Atlantic Seaboard 
cities with Chicago and other cities, and extensions 
However, most of the 
general methods which it is planned to use in these 
extensions are not expected to differ greatly from those 
described. 3 

This cable system utilizes many new developments. 
in the communication art and some of these, which 
have been briefly touched on here on account of their: 
important application, have been described in more 
detail in previous papers. It is expected that more 
information regarding other specific developments 
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which have contributed in an important way to the 
successful carrying out of this project or which may be 
utilized later on will be furnished in future papers. 

’ An important feature of this cable project is the 
fact that while many new developments and practises 
are utilized, the design of the system as a whole is such 
as to fit in economically with existing wire and cable sys- 
tems and proposed extensions. és 
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Review of the Subject.—Before it is possible to put a group 
of motors into service, it is necessary to provide means for generating 
and transmitting the energy which probably will be required to 
operate them. To select the proper and economical capacity of 
such generating and transmitting equipment, requires that some 
reasonably correct estimate be made of the probable amount and 
probable time distribution of the combined load due to the motors 
when in service. 

When the motors all operate in a definite sequence on a definite 
time schedule the problem is simple. But, in the great majority 
of cases, such as tool, hoist, elevator or traction drive, the motors 
comprising the group do not in general operate in any such con- 
nected sequence. They operate more or less at random. 

It is usual to estimate the probable load under such conditions 
of random, or approximately random, operation by guess work 
controlled only by experience and by comparison with load records 
obtained from similar installations already in operation. In 
general this method of estimating from records is not satisfactory. 

In the first place such records, if sufficient for the purpose, are 
expensive to obtain and are not always available. In the second 
place, they are generally records of effects and not of causes. 
Whereas, as is shown in the paper, if the causes are known, the 
effects can be foretold with surprising accuracy. If certain average 
duty cycle characteristics of the motor application are known, as 
they must be known to make an intelligent selection of the motors 
for the required duty, then, by a simple application of the formulas 
of probabilities, it is possible to determine the characteristics of 
the energy input to any growp of such motors. 

No very great refinement in determining the average duty cycle 
for the individual motors in the group is required, for, if the nwmber 
of motors or the number of observations of actual duty cycles .be 
reasonably large, the average deviation from the mean will be small. 

It is found that the method proposed gives calculated results 
that check quite closely with measured results. Not only can the 
average input, and from this the probable power consumption in 
kilowatt-hours be determined, but also the r. m. s. or heat 
generating value of the load as well as the probable amount and 
frequency of the peaks. Furthermore, data may be obtained for 
plotting in advance the most probable time distribution of load 
similar to a graphic instrument record. 

The whole method is based on a determination of the average 
value of the operating factor for the group of motors 
under consideration. The operating factor is the ratio of the 
average time any motor is running to the average duty cycle period. 
The operating factor may be averaged over any group of motors or, its 
average value may be determined from a graphic instrument record, 
such as obtained from.a graphic wattmeter or ammeter. The value of 
the average operating factor is a better measure of the variations 
of load or input to a growp of motors than either demand factor or 
diversity factor. In fact, it is shown that the value of the demand 
factor is generally meaningless and misleading. 

The value of the operating factor seems to lie within fairly 
narrow limits over numerous cases of the same kind of motor 
application. The demand factor does not possess this character. 

Having thus established a method of rating the current-carrying 
and protective devices handling the input to a group of motors, it is 
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necessary to establish a method of similarly rating conductors and 
protective devices handling the input to individual motors in the 
group. In other words, it is necessary to determine the heating 
value of any given intermittent duty cycle in terms of a continuous 
duty having equal heating value. The ratio between these two 
duties is found as a ratio of duty cycle factors expressed in terms of 
the operating factor for the individual duty cycle. In the con- 
tinuous duty the operating factor is unity, and the duty cycle factor 
is also unity. 

Since current-carrying devices are generally temperature rated 
in terms of continuous duty, it becomes possible to re-rate all such 
devices for other than continuous duty by operations performed on 
the duty cycle factors for the non-continuous or intermittent duty 
cycles. In this way various time ratings may be established for 
conductors, fuses, motors, generators, etc. 

The resulting calculated time ratings for conductors prove to be 
very nearly the same as ratings established for the same times by 
actual tests. 

The resulting calculated time ratings for fuses indicate how very 
narrow is the possible field for. fuses as protective devices where 
continuous heavy overloads are not to be passed without rupture. 
In general it is impossible to use one set of fuses to protect a motor 
against more than 25 per cent continuous overload unless the start- 
ing peak is almost negligible. The result is quite in accord with 
general observation and test. Jt is shown that the wnderwriter’s 
method of selecting fuses generally introduces a hazard rather than 
a safeguard. 

NEW TERMS. Two new terms have been introduced, the 
operating factor and the duty cycle factor. The operating 
factor not only determines the ratio of average load to total wired load, 
but also determines the ratio of r. m.s.load to the average load, as well 
as the amount, duration and frequency of peaks. In a sense, tt is 
also a measure of operating efficiency. 

The duty cycle factor is merely a means of approximating the 
r.m. 8. value of the duty cycle without resorting to the planimeter 
or to tedious graphical methods. 

TABULATED DATA. Tables of values of the various factors 
entering into the probability formulas used are presented in an 
appendix, as well as tables for the computation of duty cycle factors. 

NEW MATTER. It is believed that this paper presents for 
the first time an application of the theory of probabilities to the 
starting and stopping of motors. The theory of probabilities, or of 
statistics, has many possible applications in engineering which, of 
necessity, deals largely with statistical averages. The use of the 
theory in engineering has been strangely neglected. 
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PRELIMINARY NOTE | 
SSUMING a group of motors whose individual 


duty cycles are known, operating at random or 


nearly so, it is necessary to determine the result- 
ant combined duty cycle in order to select the most 
suitable capacity of the conductors feeding the group, 
as well as the rating and type of the generating appara- 
tus supplying the required energy, and of the protective 
apparatus. The average value and r.m.s. value of 
the resultant duty cycle are required, as well as the 
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Fig. 1—InprvipvaLt Duty CrcLe 
First Approximation. 


maximum peaks, their duration and probable fre- 
quency of occurrence, together with some knowledge 
of the probable time distribution of the input. With 
such information available, even if it be only reasonably 
approximate, some intelligent selection of generating, 
distributing and protective equipment is possible. 
If the heat absorption and heat radiation constants of 
the current-carrying parts of the equipment are known, 
then the desirable rating of such parts on a basis of 
temperature rise may also be determined. Without 
such information the selection of equipment is largely a 
matter of guess work, more or less intelligent, depend- 
ing upon experience and available records. 

While the method proposed is worked out in detail 
for the case of a group of similar motors, all operating 
at random on the same duty cycle, it is obvious that, 
with suitable and not very serious complications, it 
can be applied to groups of dissimilar motors operating 
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Fig. 2—OsciLLoGRamM 
Direct-drive, 1 to 1 roping, traction-type elevator. 


at random on different duty cycles, such as motors 
driving diversified machine tools. The method, as 
given, applies without change to traction systems. 


THE INDIVIDUAL DuTY CYCLE 

The curve in Fig. 1 represents the average time 
distribution of the input to all of the individual motors 
in the group. The average time per cycle or between 
starts is T. The average time during the cycle when 
the motor is running is T,. The average starting 
period is 7s. The average running input during the 
time 7, omitting the starting peak, is 7. The average 
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input during the starting time is Js.- The average 
starting peak input above 7 is J = Is — i. 

If, in the resultant duty cycle of the group, the 
maximum value reached by the resultant peaks is of 
more importance than their duration, the value of 
Is is to be changed to Iu, the maximum peak input; 
in which case Jp = Iu— 7. As a first approximation, 
the duration of J« is then taken at Ts' so that the area 
A between I» and 7 is equal to the area B enclosed 
by the actual curve of peak input and 7. Then in 
both cases, the product of input and time is the same. 
But, if the actual maximum input is of short duration, 
the resultant maximum peaks for the group found in 
this way will be too steep and of too long a duration. 

For many cases, such as that shown in Fig. 2, this 
first approximation will be sufficient. This is an 
oscillograph of input to a direct-drive, 1 to 1 roping, 
traction-type elevator hoisting engine on resistance 
speed control. The error here introduced by consider- 
ing the starting input to be constant and equal to the 


Fic. 3—Inpivipvat Duty Crcite 
Second Approximation. 


maximum input over a reduced starting period is 
negligible. But in cases like that shown in Fig. 3, a 
second approximation may be required. In this case 
the starting peak below J is averaged as Is over the 
time Ts and the starting peak Iu above J is drawn of 
such duration, 7’, that the area A enclosed is equal to 
the area B of the actual peak above J. The total 
area is then the same as the actual peak area above 7. 

Obviously some judgment will be required in deter- 
mining the approximation to be used. But without 
some such approximation the calculation of the result- 
ant duty cycle becomes too cumbersome for practical 
use. 
Another approximation has been introduced in 
considering the duty cycle used to be the average duty 
eycle for the group. If the group is divided into sub- 
groups in each of which the motors are operating on 
very different average duty cycles, the calculations 
must be carried out for each sub-group separately and 
then combined. This difference may be in the time- 
distribution of the input during the duty cycle, in the 
duration of the duty cycle, or in both. 

If the motors vary widely in capacity then a second 
sub-division into groups of motors of approximately 
the same capacity must be introduced and a separate 
calculation made for each such sub-group. 
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When the motors in the group number 20 or more in 
general no such sub-divisions of average duty cycles 
or capacities are necessary, unless a few relatively 
large motors may introduce a periodic large increase 
in the resultant input. In such special cases the 
particular motors must be treated as a sub-group. 

In special cases it may be advisable to introduce 
approximations other than those above indicated. 
Again, if the starting peaks are not material or are 
relatively short, and particularly where, in such cases, 
the number of motors is large, it may be sufficient to 
average the entire input during the duty cycle, includ- 
ing the peak, and to omit from consideration the peaks 
above this average. If the peaks are of moment then 
at least two calculations are necessary, one for the 
average running input, 2, and, depending on the order 
of approximation introduced, one or more for the 
peaks. The resultant duty cycles, one obtained by 
each such calculation, are then to be combined to 
obtain the over-all duty cycle. But in each case the 
method of calculation is the same, and, as will be seen 
from the case worked out below, is quite simple. 
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METHOD OF CALGULATION 


The method proposed is precisely the same as that 
used in determining the probable frequency of occur- 
rence of any number of points in any number of throws 
of a given number of dice. As is well-known, this 
method very closely approximates to actual experience 
when the number of throws or trials is sufficiently 
large. 

Let there be N motors in the group (or sub-group), 
the average duty cycle for which (Fig. 1) has the ap- 
proximate values T, T,, i, Iu, and let the duration of 
Iu be Ts'. Then, on the average, each motor is running 
a fraction of the time given as a decimal by 
’ This is also the average decimal of the total period 
considered, P, say 15 minutes or one hour as the case 
may be, during which any one motor in the group is 
running. If T and P be given in seconds, then P/T 
is the average number of duty cycles performed by each 
motor in the group in the time P. Since there are 
N motors in the group the total number of starts or 
runs made is 
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al age em is (2) 

The number R corresponds to the number of trials 
or throws of the dice in the analogous dice problem. 

Since, on the average, each motor is running a part 
of the time P denoted by p, the probability that any 
one particular motor is running at any particular time 
is p. But there are N motors in the group. So the 
relative frequency in the total number of irials or 
observations, R, that any one motor is running is 
Ngo -B: 

Since, on the average, each motor is running a part 
of the time P denoted by p, the probability that any 
motor is running at any particular time is p. The 
probability that it is standing still at any particular 
time is (1 — p). 

The probability that any particular two motors are 
running simultaneously at any particular time is p*. 
Similarly the probability that any particular set of 
r motors are running simultaneously at any particular 
time is p’. Since there are N motors in the group, the 
probability that they are all running simultaneously 
at any particular time is p*. 

The probability that any particular set of r motors 
are standing still simultaneously is (1— p)’. The 
probability that all of the N motors are standing still 
simultaneously is (1 — p)*. 

The probability that any particular set of r motors 
are running simultaneously, while the remaining (N—r) 
motors are standing still simultaneously is p’. (1 — p)*” 
But there are “C, combinations of motors in 
the group taken either r or (N — r) at a time, so the 
relative frequency with which the input due to r 
motors running simultaneously will occur, is 

P, =*€,.7.Q—2)-"* (3) 
It is not difficult to compute and tabulate, or chart, 
values of (3) over a useful range of N, r and p. 

In general if {| (1— p) +p!" be expanded as a 
binominal thus: | (1— p) +p }* =(i—p)*+Nop 
= py? FG, pO BYP Se 2 eee 
—py +...40%, (4) 
the first term is the probability that all the N motors 
are standing still; the second term is the probability 


' that one motor is running and (N —1) motors are 


standing still simultaneously; the third term is the 
probability that two motors are running simultaneously 
and (N — 2) motors are standing still simultaneously; 
eS a een _: the last term is the 
probability that all the N motors are running simul- 
taneously. The sum of the terms in (4) is 1.0. 

All of this is quite obvious, of course, to those who 
are familiar with the elements of the Theory of Prob- 
abilities. 

Having determined the values of the terms in (4) as 
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Peih eer as . 5 Pes Pav they may be taken 
respectively as the probability that the input to the 
group at any time may be that due to no motors 
running or zero input, that due to one motor running, 
that due to two motors running simultaneously, 
., that due to r motors running simultaneously, 
, that due to all the N motors running simul- 
taneously. 

To determine the probable time distribution of the 
resultant input proceed as follows: 

There are R chances in the period P that the input 
will change (see (2) above). Of these chances the 
input will be probably that due to no motors running 
(zero load), Po X R times; the input will be probably 
that due to one motor running P, X R times; the 
input will be probably that due to two motors running 
simultaneously P, X R times; ... .j; and the 
input will be probably that due to all the N motors 
running simultaneously Py x R times. 

Then, if P = 1.0 hour, chances are that Po) x R 

= F,, times per hour the input will reach zero; the 
chances are that P; x R = F, times per hour the input 
will be that due to one motor running; the chances are 
that P. X R = F; times per hour the input will be 
that due to two motors running simultaneously; 
. . 3; and the chances are that Pr xX R = Fy 
times per hour the input will be that due to all the N 
motors running simultaneously. These results may 
be changed into time distribution by considering that 
n times per hour equals every 3600/7 seconds. 

Such calculations having been carried out for the 
running current, similar calculations are to be made for 
the starting peaks, repeated twice if two approxima- 
tions have been introduced as explained above (see 
Individual Duty Cycle). 

In the case of the starting peaks 

f,/T = p., and Lae =p. (5) 
giving the values of » for the two approximations both 
of which are different from the value of p found for 
the running current. The corresponding values of 
1G, Ds @! = De ty and “C, ee (1 et pyr will be 
different from each other and different from the values 
of “C, p’ (1— p)*” found for the running input. In 
this case, the input per motor is Im — 7 = I, if only 
one approximation is used (see Fig. 1). If two approxi- 
mations are necessary the two values are I,— 7 for 
the first approximation, and Ju — J, for the second 
(see Fig. 3). 

AVERAGE INPUT 

The average input over the time P is found as fol- 
lows; two calculations are necessary, one for the run- 
ning input and one for the starting input. 

First as to the running input: 

Of the total time P, zero input exists for the time 
P, X P; the input due to one motor running exists for 
the time P; x P; the input due to two motors = 
simultaneously exists for the time P, x P; : 
and the input due to all N motors running aitndibene: 
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ously exists for the time Px X P. Each of these results 
is to be multiplied by their respective values of input 
0:86: eae , Ni, and the sum of the products 
taken. This sum, divided by P, is the average input. 
It is 
(Po XPX0)+ (PiXPX1)+ (P2 XP X 2%) 
+...+(Ps xX PXWN1) 
P 

=1P,;+2P,.+...+WNPys) (6) 
Similar calculations, using J, instead of 7 in (6), must 
be carried out for the average starting input which is to 
be added to the average running input to get the total 
average input. 
SIMPLIFIED METHOD OF DETERMINING THE AVERAGE 

INPUT 


'IfpT xX Ror T, X R is greater than P, so that on 
the average at least one motor is always running, the 
average running input A, may be determined by - 

A, =iN»p (6a) 

If ps T X R or Ts X Fis greater than P so that on 
the average at least one motor is always starting, the 
average starting input, As, may be determined by 

As =1,N »s (6b) 

For, if at least one motor is running (or starting) and 
each motor on the average runs (or starts) during that 
part of the time measured by p then on the average, 
N p motors are running (or N ps motors are starting). 
Otherwise, in time, either all the motors would be 
running (or starting) simultaneously, or all the motors 
would be standing still simultaneously (or no motor 
would be starting). Since on the average at least one 
motor is running (or starting), the latter cannot be 
true. 

When the motors all perform one average duty cycle, 
the determination of A, or As by (6a) and (6b) 
respectively is simple. But when the duty cycles 
vary widely so that the ratings of the motors vary 
widely, these formulas, like (6), must be applied sepa- 
rately to each group of motors for which an average 
duty cycle may be taken. (See Average Duty Cycle 
above). 

From the average input thus determined, the approxi- 
mate power consumption in kilowatt-hours during the 
period P may be found; determinations of this kind 
have proved to be within 10 per cent of the actual 
yearly power consumption of groups of motors in 
service. 

RooT-MEAN-SQUARE-INPUT 


As in finding the average input, separate calculations 
for the r.m.s. running input, and for the r. m. s. 
starting input are necessary. _ 

sLhe. Values OF bg ha eed se ee Se ae 
Px X P are determined as above. Then each value 
is multiplied by the square of its respective input. The 
sum of these products divided by P is the mean-square 
input, and the square root of this is the root-mean- 
squareinput. Itis < 
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(Pox P X0).+ (Pix PX") + (P2 XP X40) a 
+...+(PyxX Px N?) 
P 


=27(P,+4P.+9P3;+...+N?Py)!/* (7) 

Similar calculations using J, instead of 7 in (7), must 
be carried out for the r.m.s. value of the starting 
input, and added to ther. m. s. running input to get the 
totalr. m. s. input. 

Of course an error is introduced by treating a dis- 
tributed series of equal load values as if the heating due to 
the distributed series were thesame as a continuous load 
of the same amount, but lasting a single interval equal 
to the sum of the separate intervals. This error is not 
material for values of R equal to or greater than 1000. 
If R is much less than 1000 then it may be advisable to 
plot the actual load curve and determine temperature 
rise from the actual resultant duty cycle thus obtained. 

The method assumes that the heating value of the 
distributed load as shown by curve T in Fig. 5, is the 
same as the heating value of the curve H shown in this 
same figure. Curve H is obtained by assembling 
together in one interval, as expressed by (6), all the 
separate input intervals that fall within a given range 
of input for both running and starting. Thus all the 
separate intervals during which the input lies between 
200 and 300 in the curve 7 have been assembled as a 
single interval in the curve H. The actual r.m.s. 
value of both curves is the same, but due to the heat 
absorption and radiation characteristics of the current- 
carrying devices or equipment, in general the momen- 
tary temperature rise will be different for the assumed 
duty cycle H and the actual duty cycle T. Generally 
this difference will be in favor of the actual duty cycle. 
For instance, a fuse that would blow if subjected to the 
duty cycle H, would not blow if subjected to the duty 
cycle T. ‘A fuse subjected successfully to a current of 
600 amperes for a second or two at comparatively long 
intervals would blow if subjected to this same current 
for 7.2 seconds continuously. 

The curve H may be considered as the characteristic 
frequency curve of input distribution in the particular 
case for which it has been determined. If curve-draw- 
ing instrument charts, giving time distribution of input 
to any group of motors, is available, the H curve may be 
determined graphically from the observed input dis- 
tribution, exactly as it is determined above from the 
calculated input distribution. 

For various values of N and p taking 7 as 1.0, charac- 
teristic H curves may be computed and graphed for 
- comparison with H curves determined by observation. 
A selection of the appropriate standard H curve for any 
observed value of N determines the approximate 
over-all value of p for the group of motors under obser- 
vation. 

Such standard group duty cycles for N = 5 and 
various values of p are shown in Fig. 3A. These 
curves assume ps = 0, or that the starting peaks are 
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of no material moment. These curves are determined 


for P = 1.0 and7z = 1. 


METHOD OF PLOTTING TIME DISTRIBUTION OF INPUT 
The various possible probable values of input as 
calculated above, namely, that due to one motor run- 
ning, that due to two motors running simultaneously, 
. , and that due to N motors running simul- 
Se may then be spotted on a cross-section sheet 
taking one border as time and the other as input. 
These points establish the probable beginning of each 
change in input. The input remains constant till 
the next change occurs. 

This square topped input curve may then be con- 
verted into a curve more resembling an actual curve- 
drawing instrument record by plotting the resultant 
input values at equal time intervals, say every two 
seconds, or five seconds, and by drawing straight lines 
between these points. If there are two groups or more 
for which the same calculations have been made, then 
the resultant input curves should be drawn on the 
same sheet for each group and their separate values at 
equal time intervals added to obtain points on the total 
curve. 

A similar, and separate curve is then to be plotted for 
the peak input, and added to the running curve. 

Such curves, plotted from computed probable values 
of input, may be compared properly with actual curve- 
drawing instrument records of input only with the under- 
standing in mind that the computed value of the input 
at any time during the resultant cycle is the most 
probable value at that time. It should be compared 
only with the average of the values of the actual input 
at the same or corresponding intervals. In other 
words, the form of the computed curve of time distribu- 
tion of input is the most probable form of the actual 
record curve. 


FREQUENCY OF COMBINED RUNNING AND STARTING 
INPUTS 


Having determined, as explained above, the probable 
frequencies Py, Pi, Po, . . . ete. for both running 
and starting inputs, the frequency with which any 
combination of running and starting inputs will prob- 
ably occur can be determined by multiplying together 
their separate frequencies. Thus, to determine the 
probable frequency with which the input due to r 
motors running simultaneously, and the input due to q 
motors starting simultaneously will occur at the same 
time, the value of P, for the running input, and the 
value of P q for the starting input are to be multiplied 
to get P.,. This may then be converted into terms of 
‘times per hour.” 

APPLICATIONS 

The method outlined has been applied to actual 
installations of motors where the calculated results 
could be checked by comparison with records from 
curve-drawing and integrating instruments. The com- 
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puted values always compare very favorably with the 
actual operating averages. In this, there is nothing 
strange, for the method of probabilities always leads 
to results that closely correspond to experience, and 
experience consists of just such statistical averages. 

Example. Consider the case for which N = 6, 
T =:20..see.;: Ty = 10msees;oP: =:8600 «sec.,23= 100: 
and, to the first approximation, let Im = 200, for 
Ts! = 5 sec. Then p = 10/20 = 0.5; ps = 5/20 
=,02253.R: = 3600/20;% 6521080. 

The first step in the calculation is to determine 
values of “C, p’ (1 — p)*” = P,forp = 0.5. They are 


1. Po = (1— p)* =0.5° = 0.015625 = 0.0156 Ae 
P, =, X 0.5 x 0.55 = 0.093750 = 0.0938 
Py = °C, X 0.5 X 0.54 = 0.234875 = 0.2344 “ 
P; = C3 X 0.5% X 0.5% = 0.312500 = 0.3125 “ 
P,= °C, X 0.54 & 0.5? = 0.234875 = 0.2344 “ 
P, = Cs; X 0.55 X 0.5 = 0.093750 = 0.0938 “ 
P, = Ce X:0.5° = 0.015625 = 0.0156 “ 


1.000000 


These values of Py, P1, P2, etc. have been plotted in 
Fig. 4. It will be seen that because p = 0.5 = (1 — p) 
the resulting curve is symmetrical with respect to the 
maximum value of P;. The most probable running 
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Fig. 4—FrREQquENCY CurRVES FoR Six Motors 
p =0.5, ps = 0-25 


input is that due to three motors running simul- 
taneously. In this case it is also the average input. 

The next step is to determine values of P, x R 
= F,, ‘They are 


2. Fy, = 0.0156 x 1080 = 16.85 times 
F, = 0.0938 X 1080 = 101.30 “ 
F, = 0.2344 X 1080 =.253.05 “ 
F; = 0.3125 X 1080 = 337.50 “ 
F, = 0.2344 1080 = 258.05 “ 
F,; = 0.0938 X 1080 = 101.30 “ 
F, = 0.0156 X 1080 = 16.85 “ 


Now the trials, R = 1080 occur in 3600 seconds or 
1 hour, so from (2); 
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8. 16.85 times per oe. S ga: Me every 213.6 sec. 


101.30 .« 4 «35.60 4 
258.05 “ “ “ “ “ “ “ 14.2 “ 
837.50 “ “ “ “ “ “ “ 10.7 “ 
2538.05 “ “ “ “ “ “ “ 14.2 “ 
101.30 “ “ “ “ “ “ “ 85.5 “ 
16.85 “ “ “ “ “ “ “ 213.6 “ 


Therefore the running input will probably reach 
that due to no motors running or zero input, every 
213.6 sec.; it will probably reach that due to one motor 
running, or 100 amperes every 35.5 sec.; it will probably 
reach that due to two motors running simultaneously, 
or 200 amperes every 14.2 sec.; ... . ; it will 
probably reach that due to all six motors running 
simultaneously, or 600 amperes every 213.6 sec. 

It is to be noted that zero input and that due to all 
the six motors running simultaneously occur with the 
same frequency. This is also true of the input due to 
two motors running simultaneously, and the input due 
to four motors running simultaneously. - In such cases 
either one or the other input is equally likely to occur. 

The average running input by (6) is 
100 (0.0988 + 2 x 0.2344+3x0.3125+... 

+ 6 X 0.0156) = 300 amperes. 

Note that by (6a), A, = 100 X 3 = 300. 

The root-mean-square running input, by (7),. is 
100 (0.0988 + 4 x 0.2844 +9 x 0.31254. . 

+ 36 X 0.0156)!/2 = 324 amperes. 

Similar calculations must now be made for the start- 
ing peak input. Hate ps = 0.25, so the values of 
rs ps’ (1 = ps) *” ar 

Pee pas 0.758 0.1780 
P, =€,X 0.25 X 0.755 = 0.3564 
&Co X 0.25? X< 0. 1b* =30 2966 
Ps =4C aX 0.25) <X0.75' =.0.1234 
Pye Ca 0 25% <0 sib e 0.0308 
P; = C5 X.0.25> X0.75,=,0.00411 
Pee Ca x Oia. = 0.002285 

These results have also been plotted in Fig. 4. The 
resulting curve is unsymmetrical (skew) with respect- 
to the most probable value, P;. The most probable 
starting input is that due to one motor starting. 

The next step is, as before for the running inputs, 


» 
r 


vm Fo. = 021180. LO80n= 1192; 2 HSS 
F, = 0.3564 X 1080 = 384.91 
F, =). 2966 x. 1080,-=.320 33 2 “ 
Pia = OD AZoA.  X LOSUL edt uaa 
F, = 0.0308 -X< 1080 = ..33: 26" 
F; = 0.00411 X 1080-= 4.44 * 
FO 00220 1080 ee) 
Then, ° 
3. 192.24 times per Ea is cauralent ee every 18.7 sec 
884. 91 « “ “ 9.4 “ 
3 20 i 3 3 “ “ “ “ “ “ “ a 1 SP “ 
133.27 “ “ “ “ “ “ “ 28.1 “ 
83.26 “ “ “ “ “ “ “ 108.2 “ 
4,44 “ “ “ lade “ “ “ 812.0 “ 
1.57 “ « re tks “ « “ 9300.0 “ 
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Therefore the starting input will probably reach zero 
every 18.7 sec.; it will probably reach that due to one 
motor starting every 9.4 sec.; it will probably reach 
that due to two motors starting simultaneously every 
11.2 sec.; . ; it will probably reach that due to 
all six motors starting simultaneously every 2300 
seconds. 

The average starting input, by (6) is 

100 (0.356 +2 x0.297+3x0.128+.... 

+6 xX 0.0023) = 148 amperes 

Note that by (6b), A, = 100 X 1.5 = 150. 

This is to be added to the average running input of 
300 amperes to get the totalaverage. Itis448 amperes. 

The root-mean-square starting input, by (7), is 

100 (0.356 + 4x 0.297+9x0.128+.... 

+ 36 x 0.00238)!/2 = 183 amperes. 
which is to be added to ther. m.s. running input of 
324 amperes to get the totalr.m.s. It is 507 amperes. 

The kilowatt-hours consumed by the motors in any 
period during which these conditions hold can be deter- 
mined from the total average input. It will be found 
to check very closely with the power consumption of 
the actual motors in actual service as measured by a 
watt-hour meter. The conductors feeding the group 
should be selected on the basis of the total r.m.s. 
input. The average drop in these conductors will be a 
function of the total average input. 

The periodicity of peaks for this case may be worked 
out as follows: 

The heaviest possible running input of 600 amperes 
due to six motors running simultaneously occurs every 
213 .6 seconds, the corresponding value of P is 0.0156. 
Starting peaks may be added to this. Four motors 
start simultaneously every 108.2 sec. The correspond- 
ing value of P, is 0.0308. The probability that both 
will occur together is the product 0.0156 x 0.0308 
= 0.0048. This has a probable frequency of 0.0048 
x 1080 = 5.18 times per hour, or every 695 seconds; 
which is equivalent to once every 11.6 minutes. Its 
duration will be less than 7's! = 5 sec. 

For six motors running and five motors starting 
simultaneously, the probable frequency is 0.0156 
<x 0.0041 = 0.000064. This is equivalent to 0.069 
times per hour, or once every 52174 sec.; which is 
equivalent to once every 14 hours and 30 minutes. 
The corresponding input is 1100 amperes. 
that for most purposes this peak can be neglected. 

The time distribution of input for this case is shown 
in Fig. 5. The curve R is the running input. The 
curve S is the starting input. The curve T is the total 
input. Greater peaks will appear if the curve is ex- 
tended, due to the combination of running and starting 
peaks. 

The method of plotting may be illustrated by the 
curve R. Referring to column 3 in the calculations 
for running input, it is found that zero input occurs 
every 213.6 sec. and that the input due to one motor 
running or 100 amperes occurs every 35.5 sec. . The 
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corresponding points 0, b, b, . . are plotted. Then 
the load of 200 amperes due to two motors running 
simultaneously is plotted every 14.2 sec. : 

Since the input every 35.5 sec. is equally likely 
to be either 100 or 300 amperes, the two values. have 
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Fig. 5—Time Distrisution or Input 
IN Gh. Tr =20'sec., Ty = 10sec.,. T, = 5 sec. 
p =06.5, ps = 0:25; i = 100, Ip = 100. 
Curve T plotted in 6-sec. intervals. 


been plotted alternately. The same is true of the 
input every 14.2 sec. which is equally likely to% be 
either 200 amperes or 400 amperes. 

As explained above (Method of Plotting Time 
Distribution of Load), the square topped curve R is 
drawn through these points. 

The starting input curve S is plotted and drawn in a 
similar manner. 

Then, at every 6.0-sec. interval ordinates have been 
drawn and the sum of the input values given by the 
intercepts of these ordinates with the R and S curves, 
laid off as the corresponding ordinates of the curve T’. 
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DEMAND FACTOR 


From the above discussion it will be seen that unless 
a statement of so called “demand factor’ is coupled 
with a statement of frequency.and duration, it means 
nothing and is more likely to be misleading than helpful.. 

In the above case, if the motors are rated for tempera- 
ture rise, as they should be, by the r.m.s. input per 
motor, their rated input will be 84.5. If they are rated 
by the average input per motor their rated input will be 
74.6, nearly 10 less, and equivalent to a continuous 
overload of over 13 per cent, involving an increase in 
temperature of about 23 per cent. 

Commonly they will be rated by guess work and will 
be about twice too big for their work, involving in- 
creased annual charges and reduced efficiency. 

If the motors are rated at 84.5, their united input 
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is 507. A demand equal to 507 will probably occur at 
least every 15 minutes, for which the demand factor 
is 1.0. But the duration of this demand will be only 
a few seconds at most. 

If the motors are rated by guess work this demand 
factor may drop to about 0.5 which is not an uncommon 
value to find with values of » approximating 0.5. A 
low demand factor should mean a low value of p, not an 
excessive motor installation. 

The probable maximum demand over any period of 
time, say 15 minutes, may be determined from the 
curve of time distribution of input. A mere statement 
of such demand, unless coupled with a statement of 
frequency, does not determine the character of the 
input, and is not a logical basis for the determination of 
rates. 

TEMPERATURE RATING 


Consider the individual duty cycle shown in Fig. 6. 
The input 7 is constant for the time T, = pT. The 


Fic. 7—VarraBLE-Current Dury Cron 
equivalent, average input for the time Tis 2... The heat 
liberated by the current z for the time pT is 
H;=CW#pT, where C is a constant and W the 
resistance of the circuit. Similarly, the heat liberated 
by the current 7, flowing for the time TJ is H, 
=CWi2T. The ratio of these is 
? p 


Fd 


A;/H, == 


But 7, = p71. Therefore H;/H, =.1/p. 

Obviously more heat is liberated by the current 7 
flowing for the time p T than is liberated by the equiva- 
lent average current 7, flowing for the longer time T. 
The smaller is p the greater is this difference. 

Assume that it is desired to determine the value of 
the current flowing for the time 7 that will liberate. 
the same amount of heat as the current 7 flowing for the 
time pT. Let this desired current be 7,. Then 
VPpT =4t2 Tor ?/42 =1/p.. Thereforet/2,= (/p)?” 

If, as in Fig. 7, the current 7 is not reasonably con- 
stant during the time p 7, find its r.m.s. value Zr. 
Then tn/te == i(1i/a) ta 

This is the basis on which wen ddetot temperature 
rating may be established. 

If the current 7, flows in indefinitely, the wondietot 
will reach maximum temperature ¢, in the time P; 
depending on its radiation constant, ete. If in any 
case, conductors or fuses, the value of 7 should be 
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greater than P,, while p T is less than P;, then a new 
value of p must be found. Itis p, = pT/P;. Then, 
for equal heat generation, the basis for rating is 7,/% 
= (1/p,)!*, where 7,,; is the equivalent constant cur- 
rent for the time P;. If p T is longer than P, then 7, 
is the same as the equivalent constant current. This 
would be the case for the distribution curve T' in Fig. 
5. Here the duty cycle period is taken at 15 min. 
But the input does not reach zero, so the r.m.s. 
value of input is the required equivalent constant- 
current rating. Otherwise than as pointed out above, 
the value of 7 does not enter into the formulas. It 
does not matter whether p T' be 5 seconds, 10 minutes or 
longer, provided 7 does not exceed P;. 

When, as in nearly all actual duty cycles, the start- 
ing peak is too pronounced to permit figuring it in as a 
slight increase in 7 during the time p 7, the heat liber- 
ated by the peak must be computed separately. If 
the r.m.s. of the peak, in addition to the average 
running current 7,, is I,, for the time p, 7’, where, as 
above, p, = 7T,/T, then the equivalent constant 
current for the time 7' is I, = p,!/2I,,. The total 
equivalent constant current is then J,, =7,+ TI, 
=7p'/2+ p,!/ J,, (or if necessary, 7, may be used 
instead of 2). The value of J,, may be given in terms 
of 2 (or'4,) as 1,, = cv. Then ll, =7 p= + eg, *). 
It is proposed to eall the term (p'’ + ¢ p,'/*) the 
“duty cycle factor,” and write itd. That is I., = 7d, 
or 7 = I,,/d.. By taking I,, to be the rated constant 
current given in the N. E. C. Table I in Rule 18-b, then, 
by giving various values to d the appropriate rating 
of-all such conductors can be determined for the cor- 
responding duty cycles for which the actual running 
current is 2, and the duty cycle factor is d. 

It is assumed that in no case does 7’ exceed P,, or 
the time required to bring any conductor to its maxi- 
mum allowable temperature with rated constant cur- 
rent flowing. If 7 is longer than P;, new values of 
p and p, must be found. If 7, is longer than P,, then 
2 or 2, 1s the equivalent running current, but a new 
value p,, must be found for p,. The duty cycle factor 
then becomes d = (1 — cp, ). 

We may then write down such conductor ratings, 
giving quite arbitrary values to d. The following table 
gives the corresponding ratings for a few rubber-covered 
conductors in conduit. 


TABLE I 
N. E.C. Ratings for valus of d 
Rating 9) ————~. ——_- -- © — — —________— 
Size d= 1.6 d=0.866 jd =0.706 |d =0.50 |d=0.25 

No. 14 15 17 20 30 60 
No. 12 20 23 26 * 40 80 
No. 10 25 29 33 50 100 
No. 8 35 40 46 70 140 
No.. 6 50 57 66 100 200 
No. 4 70 80 92 140 280 
No. 2 90 100 110 180 360 
2/0 150 172 197 - 300 600 
4/0 225 258 300 450 900 
0.3/0” 275 316 362 550 1100 
0.6/0” 450 518 592 900 1800 
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It is of interest to check these results with time ratings 
arrived at by test. Assume that P, = 30 minutes. 
This is a safe assumption particularly for the larger 
sizes. Assume a duty cycle such as shown in Fig. 6 
and let 7 be equal to P;. For this duty cycle IJ,, and 
p. vanish, and d = p'’2. The time ratings will be 
given by 7., = 7/p'’2 where 7 is the N. E. C. rating. 
The value of p is given by T,/P,. 

The calculated results marked ‘‘Cal.” are given 
below for various values of 7, together with test 
results marked “Rep.” taken from the Report of the 
Committee on Demand Factor Western Association 
of Electrical Inspectors, dated Aug. 20, 1920. 


TABLE II 
N.E Ratings for values of T, in minutes 
(OF 
Rating| Cal Rep. | Cal Rep. | Cal Rep. Cal Rep. 
d 22.5 | 30.10 15 15 10 10 5 5 
Size | = 1.0| min min. | min. | min. | min min min min. 
14 15 17 19 20 22 26 24 36 30 
12 20 23 24 25° 26 33 29 49 35 
10 25 29 30 33 35 43 40 61 45 
8 35 40 43 46 50 61 60 85 65 
6 50 57 60. 66 73 85 80 121 105 
4 70 80 1h 92 97 120 110 170 140 
2 90 100 106 110 130 156 155 210 195 
2/0 150 172 179 197 220 264 260 365 340 
4/0 225 258 256 300° 325 389 395 550 515 
0.3/0”) 275 316 345 362 435 475 536 670 690 
0.6/0”| 450 518 610 592 750 780 915 1100 | 1225 


The average deviation of the calculated results from 
the test results in the columns for 15 min., 10 min. and 
5 min. respectively are — 29 amperes, + 9 amperes and 
+2 amperes. The over-all agreement is remarkably 
close. Lack of knowledge of the method and refine- 
ment of the test referred to in the report mentioned, 
makes it impossible to compare individual results, 

It is evident that the assumption P,; = 30 min. is 
somewhat low and probably too general. If P; is 
increased the calculated results for the same values. of 
T,. will be reduced. 

It will be seen that if the rated continuous current 
and the value of P, for any current-carrying device 
is given, the proper rating of the device for any other 
duty cycle for which d is known may be easily deter- 
mined. 

The duty cycle factor may be applied to a motor, 
thus: If the motor be name-plate rated at A amperes 
for M minutes, then M is the value of P; for the motor. 
Let T, T,, T;, 7- and I,, be determined for the duty 
cycle on which the motor is to operate. Then if T 
is no longer than P., the values of » and p, may be 
taken from the duty cycle, and the duty cycle factor d 
determined. Then if A is no less than 7,/d, the given 
motor will carry the imposed duty for the time P; 
without exceeding its rated temperature. If the duty 
cycle only is given then A = 7,/d is the required rating 
for the time P; of the proper motor for this duty. In 
general P, will be taken as the time during which the 
duty will be imposed and may include a number of 
successive duty cycles. 
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If the value of P; for a given type of motor is deter- 
mined, the motor will carry the imposed duty cycle for 
a time P longer than P, if A = 7,/d X P,/P is the 
motor rating for the time P,. 


THE R. M. S. RATING OF FUSES 


All that has been said above is equally true of the 
rating of fuses. Thus a fuse rated at 100 amperes 
constant current will also properly serve to protect a 
properly rated motor, for which d = 0.25 and I,, 
= 200 amperes. A larger fuse than this will not prop- 
erly protect the motor against overheating. There- 
fore in selecting the proper fuse protection of a motor 
it is necessary to know not only its rating, but also its 
probable duty cycle of input and the corresponding 
value of d. Of course P; will be different for fuses and 
for conductors in conduit. It will be different for con- 
ductors in conduit and for exposed conductors. 

In cases where T is relatively long, it will be found 
that usually the starting peak has little effect in deter- 
mining the value of J,, and can be neglected. If there- 
fore, the rating of fuses, as now required by the Under- 
writers’ rules, is based rather on the average value of 
starting peak than upon the value of I,, or total equiva- 
lent constant current, a fuse will be selected that will 
not protect the motor against undue temperature rise 
due to prolonged overloads. Numerous cases of 
such failure of fuse protection have been noted. 

Consider the case in which p = T,/T = 0.64 and 
p, = T,/T = 0.16. Determine the average running 
current 7 during the time 7. Assume it to be nearly 
constant during the time 7',— T, so its r.m.s. value 
1, may be taken equal to 7. The equivalent constant 
current value for the time 7' is 7, = p'/22 = 0.87%, on 
which basis a fuse may be selected for the running 
current only. 

Now determine the r. m. s. value of the starting input 
I, above 7 over the time 7,. Its equivalent constant 
current over the time J is I, = p3?Ip, = 0.4 Loy. 
Assume that I,, = 2.07 (or Ip, = 2.07, if the running 
input during the time 7J,— 7, had been irregular 
enough to require that 7, be used instead of 2). Then 
I, = 0.87 and the total equivalent constant current 
I,, is 1.6%. Obviously the fuse to be selected would 
have little if any value during the running period as a 
protection to the motor against overloads up to 160 
per cent of load. 

Yet, if a smaller fuse be selected it will not carry 
the motor over its duty cycle. There are three possible 
solutions of this difficulty. 1. Let the motor start 
one set of fuses and run on another set of different 
rating. Quite generally the proper capacity of the 
running fuses will be larger than the proper capacity 
of the starting fuses. 2. Instead of the fuses, use 
a circuit breaker set to come out only if an excessive 
overload lasts for a period sufficiently long to overheat 
the motor. This may: be accomplished by the use of 
time limit relays. The third, and usual, solution is to 
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use an oversized or underrated motor, capable of 
standing overloads for sufficient time to bring to ruptur- 
ing temperature the fuse of the capacity required to 
carry over the total duty cycle. 

The following table gives the equivalent constant 
current rating of fuses in terms of the average (or 
r. mM. s.) running input 7, for various values of the root- 
mean-square of the starting peak I,, expressed in terms 
of 7 as overload, and for various values of P,,. It is 
assumed that 7, or the running time of the motor, 
exceeds P,, or the time it takes the fuse, rated at 7 
amperes, to reach maximum rated temperature. In 
other words, so far as the fuse is concerned, after start 
the motor runs continuously. The rating formula then 
becomes. I. = 2 + pei? Ip, Or Tee = 4 + pst! /2 67 where 


6+ = Tz. Then Fi = (LF epi 
TABLE III 
Values of Ip, = ci (overload during start) 
Pst 0.251 0.501 0.751 1.007 1.25% 1.501 
0.10 1.08% 1.167 1.247% -| 1.32% 1.391% 1.487 | 
SEALS OEE [Eb KPI BRAT Eas, SES Sree 
0.20 1 ee fe 1.22% | 1.341 1.457% | 1.567 1.671 
es eee 2s 
0.30 1.141 1.271 He ALE | as € 1.691 1.821 
0.40 1.167% 1.321 1.471% | 1.631 1.791% 1.951 
SSS 
0.50 1.18% tes. - laksa te TLE 1.891 2.061 
0.60 1.197% | eso | dost a hist! Chad 
0.70 1.211 | 1.427% | 1.63% 
0.80 1.221 | 1.45% | 
0.90 1,237 °| 1.474 | 
SP 
1.00 1.2507 | 1.50% 


Thus, if the r.m.s. starting peak of any motor is 
25 per cent overload (in terms of the actual constant 
running. current,:¢) .that as,:iif 1 =.61.=.0.25 2; 
and if the duration of this peak, 7., is, ps. = 0.70 of 
P,, then a fuse must be used whose equivalent constant- 
current rating is 1.217. That is to say the motor may 
run continuously at 21 per cent overload (in. terms of 7) 
without exceeding the required fuse rating. 

The Underwriters’ rules permit the marked rating 
of a fuse to be 80 per cent of its equivalent constant- 
current rating. In other words the fuse will carry 25 
per cent over its marked rating indefinitely. Such 
equivalent ratings are included above the upper dotted 
line in the table. A fuse whose marked rating is 7 will 
serve in all such cases. It is also understood that 
approved fuses shall blow instantly at 50 per cent over- 
load. Equivalent ratings less than this are included 
above the lower dotted line. Thus, for I,, = 0.757 
(75 per cent motor overload during start) and p,, 
= 0.40 or 7, = 0.4 P,, a fuse rating must be used that 
will permit a continuous running overload of 47 per 
cent. 
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motor to start and run for the time P;. If, on the other 
hand, the motor can operate successfully at a continuous 
reasonable overload, a larger fuse must be selected 
provided it is concluded that the motor may start and 
carry this overload for any material part of the time P; 

Assume this overload is 0.107, then the formula 
becomes I,, = 1.17 + p,:!/I,,. For p,: = 0.70, and 
Ip, = 0.552, the value of [,, is found to be 1.567. 
In other words, the fuse will permit the motor to run 
at 56 per cent overload. In general the r. m.s. value 
of the starting peak will also increase under such condi- 
tions, requiring a fuse still larger than this. 

It is probable that for all conditions contained 
between the broken lines in the table double fuse 
arrangements should be used; either this or circuit 
breakers with time limit relays, the latter being always 
used for cases below the second dotted line. 

As an example, consider an induction motor driving 
a pump. Assume that the running input after the 
water is in motion at normal velocity is 100 amperes 
per phase at 80 per cent power factor, therefore, the 
heating value of the input must be based on 2 = 125 
amperes per phase. Let the motor be started by a 
compensator, or step reactance, so that the r.m.s. 
starting input will be 250 amperes at an average power 
factor of 60 per cent. The heating value of this input 
must be based on 425 amperes. Then, I,, = 425 
— 125 = 300 amperes. Therefore J,, = 300/125 
= 2.41, (a value hot given in the table). Assume that 
the duration of the starting period 7’, is 5 seconds. 
Assume P; = 15 sec. Then p,., = T,/P; = 0.38, and 
Det! i 0.57. 7 

The resulting value of I.. = 7+ pe! /?Ipr, is 125 
+ 0.57 X 2.4 X 125 = 296 amperes. Therefore a 
fuse whose actual rating at P,; = 15 sec. is 300 amperes, 
will serve to start the motor and run it, but will also 
permit 300 amperes, or more than double full-load run- 
ning input, to flow continuously. If a fused marked 
at 300 amperes for the same value of P; were used it 
would pass 375 amperes continuously. A fuse marked 
250 amperes will pass 300 amperes continuously and is 
probably the best rating to use, if a single set of fuses is 
required. As a matter of protecting the motor against 
prolonged over loads, one set of starting fuses rated at 
0.57 X 2.4 X 125 = 17lamperes may beused. Actu- 
ally a fuse marked 150 amperes would serve. For the 
running side, a fuse marked 125 amperes would be the 
nearest safe size. Of course, if the name-plate continu- 
ous duty rating of the motor exceeds 100 amperes at 
80 per cent power factor, larger fuses can be used with 
safety on both starting and running sides, remembering 
that since the motor will be operating at fractional 
load, the power factor during both start and run, under 
the actual duty conditions, will be lower than those 
given. If P,is greater or less than the assumed value of 
15 seconds, the value of J., will be altered correspond- 
ingly. . ey an. bad a - a 
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TABLE IV—1. 
Values of p’ and (1 — p)N—-r 
r p (GW 1} p Ci —"p) Pp @.=sp) p (..—p) p Gp) 
or 
(N — 1) (1 — p) p (1 — p) p (1 — p) p =p) p (1 — p) p 

1 {0.05 0.95 0.10 0.90 0.15 0.85 0.20 0.80 0.25 0.75 

26 1025 x< to- 0.903 0.010 0.810 | 0.0225 0.723 0.040 0.640 0.0625 0.562 

3 (0125 x 107% 0.807 0.15410 02729 | 01838 x 102 0.614 Se 10 0.510 0.0156 0.422 

4 |0.625 x 10> 0.815 oO. e<a02 0.656 | 0.506 x 10-3 0.522 0.160 x 107 0.410 0.391 X 10~ |0.316 

5 {0.313 x 10-* 0.774 O31 Sco + 0.591 0.759 Xx 10+ 0.444 0:320 « 10° 0.328 0.976 X 10-3 |0.247 

6 {0.156 x 107 0.746 0.1 x10 0.531 0.114 x 107+ 0.377 0.640 X 10+ 0.262 0.244 X 10-3 |0.178 
TOBOZSL 10>" 0.698 Ont ot0-° 0.478 0.170 x 10-5 0.320 0.138 < 10-4 0.210 0.610 X 10-4 |0.133 

8 {0.391 x 10-1 0.664 Onl Se10=! 0.431 0.263 x 10 0.273 0.256 X 10> 0.168 0.152 X 10 |0.100 

9) 110196 310-4 0.631 0.1 x 107% 0.387 0.385 X 10-7 0.232 0.512 < 10-8 0.134 0.381 X 10~ |0.0750 

10 |0.976 x 10-8 0.599 OMe Sse10-2 0.348 0:577 < 103 0.197 0.105 x 10-6 0.107 0.954 X 10-* |0.0562 

11 {0.488 x 10-4 0.568 0.1 10-2 0.314 | 0.866 x 10-9 0.167 0.205 xX 107 0.0859 0.237 X 10 |0.0422 

1D 0.245 +10 0.540 0O.1 < 10-2 0.282 0.130 x 10-9 0.142 0.412 x 10% 0.0687 0.596 X 10-7 |0.0322 

13. |0.122 x 10-6 0.513 081 SCIO=2 0.254 0.195 x< 10-19 0.121 0.825 xX 10~° 0.0595 0.149 X 10-7 |0.0237 

Ae G12) XHO= 0.487 0.1 x'1o-8 0.229 0.294 x 10-4 0.103 0.164 x 10~° 0.0440 0.373 X 10-8 |0.0178 

16 loisil ><<10—% 0.466 0.1 <it0=* 0.206 0.437 X 10-8 0.0876 0.328 x 10-19 0.0352 0.932 X 10-® |0.0133 

16 10.153 x 10-%° 0.440 01 KHO=* 0.185 | 0.657 x 10-%| 0.0744] 0.656 x 10-4} 0.0281 0.233 xX 10-9 |0.0100 

17 ‘10.756 x 10- 0.418 021 Tors 0.167 0.986 x 10-4 0.0658 0.1314 105 0.0225 0.583 X 10-9 |0.750 x 107 
18 |0.382 x 10-8 0.397 O2195e10="% 0.150 | 0.148 x 10-4 0.0475 | 0.262 x 10-” 0.0180 0.146 X 107°%0.562 x 10-7 
19. Newor x 10-4 0.377 0.1° > 10-8 0.145 0224501054 0.0406 0.525 X 10-4) 0.0144] 0.364 x 10-"\0.422 x 107? 
20 10.956 x 10-6 0.368 0. PS? 0.131 022) < 10-5 0.0343 0:105 x 10-" 0.0116 0.811 x 10—/0.322 x 1077 


All of this assumes that the name-plate rating of a 
motor means what it says, which generally is not the 
case. 

THE OPERATING FACTOR p 


The factor p is here designated as the operating 
factor because it determines that part of the time the 
motor is actually operating. Similarly (1 — p) deter- 
mines that part of the time the motor is standing still. 
It is “dead time”’ when the driven machine is producing 
nothing. The higher the value of p, the more nearly 
continuous is the machine operation, the more the 
machine produces per day, and the less the overhead 
charges per unit of work accomplished. Every live 
factory manager spends much of his time in efforts to 
increase the value of » in his shop. By working the 
above method of computing resultant duty cycles back- 
ward, he can determine the existing average value of 
p from a curve-drawing instrument chart of input to 
his shop. 


Let us say that (1 — p) isa measure of the time when 
work is being removed from tools and being replaced. 
It is therefore a measure of man-power hours, just asp 
is a measure of horse-power hours. Roughly speaking, 
p = 0.5 means that half the time is spent in manual 
work. 

Also the higher the value of p the more nearly con- 
stant is the load on the generating plant. Its efficiency 
is thereby increased. Fewer interruptions due to 
momentary excessive overloads will occur. The dis- 
tributing system costs less per kilowatt-hour trans- 
mitted. 

Appendix 

The accompanying tables, giving values of p’, 
(1 — p),*” (Tables IV-1 and IV-2), and *C, for values 
of N up to 20, (Tables V-1 and V-2), will be useful 
in applying (4), (6), and (7) from Method of Calculation. 

For values of N greater than 20 the calculations of 
resultant duty cycles by the method given above 


TABLE IV—2. 
Values of p? and (1 — p)N~-’ 


r P (hp) P G=)p) p CE Pp) Pp (= ip) P 
or 

CNE—=2 nr} = "p) p CE" p) D (Ep) p (ap) Dp (a) —"p) 
1 0.30 0.70 0.35 0.65 0.40 0.60 0.45 0.55 0.50 
2 0.090 0.490 0.122 0.422 0.160 0.360 0.205 0.303 0.250 
3 0.0270 0.343 0.0429 0.275 0.0640 0.216 0.0912 0.166 0.1250 
4 0.00810 0.240 0.0150 0.179 0.0262 0.130 0.0410 0.0915 0..06250 
5 0.00243 0.168 0.525 X 10 | 0.116 0.0102 0.0778 0.0185 0.0504 0.0313 
6 0.729. x 10-7 | 0.118 0.184 X 10 | 0.0754 0.410 X 10~ | 0.0467 0.830 X 10~ | 0.0277 0.0156 
7 0.219 X 10-* | 0.0823 0.643 X 10-3 | 0.0490 0.164 X 10~ | 0.0280 0.374 < 10~ | 0.0152 Of 781, 07 
8 0.656 X 10-4 | 0.0576 0.225 X 10 | 0.0318 0.656 X 10+ | 0.0168 0.168 X 10-7 | 0.838 X 10 | 0.391 x 107 
9 0.197 X 10+ | 0.0403 0.788 X 10+ | 0.0207 0.262 X 10 | 0.0101 0.758 X 10-3 | 0.460 X 10 | 0.195 x 107? 
10 0.591 X 10> | 0.0282 0.276 X 10+ | 0.0135 0.105 X 10 | 0.604 x 10-2 | 0.341 Xx 10-° | 0.253 x 10 | 0.977 x 10-3 
11 0.177 X 10> | 0.0197 0.965 X 10° |0.874 x 10-2 | 0.420 x 10+ |/0.363 x 10 | 0.153 X 10-* | 0.134 x 10 | 0.488 x 10% 
12 0.532 X 10 | 0.0138 0.338 X10 ]0.568 X 10-2 | 0.176 xX 10+] 0.218 x 10 | 0.690 x 10+ | 0.766 X 10 | 0.244 x 10° 
13 0.159 x 10-°-| 0.967 x 10% | 0.118 x 10° | 0.369 x 10-2 | 0.706 X 10] 0.131 x 102 | 0.310 X 10+ |0.421 x 10 | 0.122 x 10% 
14 0.479 X 10-7 | 0.676 X 102 | 0.414 x 10° | 0.240 x10 | 0.282 x 10 | 0.783 xX 10-7 |0.140 x 10+ | 0.232 x 10-7 | 0.610 xX 10+ 
15 0.144 x 10-7 | 0.474 x 10 | 0.145 X 10-° | 0.156 x 10 | 0.113 xX 10 | 0.470 x 10-7 | 0.628 X 10% | 0.127 XK 10 |0.305'x 10+ 
16 0.431 X 10 | 0.332 x 10-2 |0.506 x 10-7 |0.101 x 10-7 | 0.453 x 10° | 0.282 x 104 | 0.283 x 10 | 0.700 x 10-4 |0.152 x 10-4 
17 0.129 x 10-| 0.232 x 102 | 0.175 x 10-7] 0.659 x 10-7 | 0.181 x 10° | 0.169 x 10-7 | 0.127_x 10* | 0.385 x 104 | 0.763 x 10% 
18 0.388 x 10-9| 0.163 x 10 | 0.621 x 10-8 | 0.428 x 10 | 0.722 xX 10-7. | 0.102 x 10° | 0.574 x 10-° | 0.212 X 10-4 | 0.381 x 10-° 
19 0.116 X 10-9|0.114 x 10 | 0.217 x 10-8 | 0.278 x 10] 0.288 x 10-7 | 0.609 x 10-4 | 0.258 x 10° |0.117 x 10-4 | 0.141 x 10-5 
20 0.348 x 10-°|0.796 x 10-7 10.761 X 10-9|0.181 X 10-9] 0.116 * 10-7 | 0.365 x 10-4| 0.116 xX 10-° 10.640 x 10% |0.704 x 10% 
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become quite cumbersome, but in such cases the 
equivalent duty cycle curve (the H curves in Figs. 
5 and 5A) approaches so nearly to a straight line that 
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the demand frequency may be determined with suffi- 
cient accuracy by the method given in “Standardized 


TABLE V—1. 


Vaties of SU NAN — 1) (N - 2). WNIT BY) 
Pao 2h a ks 

r N =3 N=4 N =5 N =6 N =7 N =8 
1 3 4 5 6 7 8 
2 3 6 10 15 24 28 
3 1 4 10 20 35 56 
4 1 5 15 35 70 
5 1 6 24 56 
6 uf 7 28 
7 1 8 
8 1 
r N =9 | N =10/]N =11 |] N =12 |] N =13 | N =14 
1 9 10 11 12 13 14 
2 36 45 55 66 78 91 
3 84 120 165 220 286 364 
4 126 210 330 495 715 1001 
5 126 252 462 792 1278 2002 
6 84 210 462 924 1716 3003 
7 36 120 330 792 1716 3432 
8 Y 45 165 495 1278 3003 
9 1 10 55 220 715 2002 
10 1 11 66 286 1001 
11 1 12 78 364 
12 1 13 91 
13 1 14 
14 1 


Flexible Distributing Systems in Industrial. Plants,” 
General Electric Review, Vol. 21, p. 176-285. 
this method may be used for values of N less than 20 
if p is sufficiently large, say if N p is 10 or more and 


if R is 1000 or more. 


Indeed, 


TABLE V—2. 
Values of NC, = N (WW — 1) (N= 2). RON eee one 
Dl © ics 1) Jal Cac) aa t 
r N =15| N =16 | N =17 | N =18( N =19 | N =20 
1 15 16 17 18 19 20 
2 105 120 136 153 171 190 
3 455 560 680 816 969 1140 
4 1365 1820 2380 3060 3876 4845 
5 3003 4368 6188 12816 11628 15504 
6 5005 8008 12376 18564 27132 38760 
7 6435 11440 19448 31824 50388 77520 
8- 6435 12870 24310 43758 75582 127970 
9 5005 11440 24310 48620 92378 167951 
10 3003 8008 19448 43758 92378 184756 
11 1365 4368 12376 31824 75582 167951 
12 455 1820 6188 18564 50388 127970 
13 105 560 2380 12816 27132 77520 
14 15° 120 680 3060 11628 38760 
15 1 16 136 816 3876 15504 
16 1 17 153 969 4845 
17 1 18 171 1140 
18 1 19 190 
19 1 20 
1 


Frequency tables (VI-1, VI-2, and VI-3) giving 
values of “C,p’ (1— p)*” are included for N = 5, 
10, 15, 20, and, in each case, for p = 0.10, 0.25, 0.50, 
0.75, 0.90. From these typical group duty cycles for 
P =1.0, 7 = 1.0 may be plotted and the correspond- 


TABLE VI—1. 
Frequency Tables: Values of Pp =NC, pr (1 — p)N. 
I N=5 
r p=/0510 P= 0:25 | p=0.50 | p = 0.75 || p = 0.90 
(0) 0.59 0.24 0.031 0.001 0.1 x 10+ 
r 0.330 0.400 0.155 0.014 0.45 <x 10-3 
2 0.073 0.265 0.310 0.080 0.0081 
3 0.0081 0.080 0.310 0.265 0.073 
4 0.45 X 10-4} 0.014 0.155 0.400 0.330 
5 0.1. .< 104) » 0.001 0.031 0.240 0.590 
II. |N = 10 
T p =0.10 p =0.25 | p =0.50 | p = 0.75 p =0.90 
(0) 0.35 — 0.0575 0.001 0.1 X10] 0.1 x10-° 
1 0.390 0.19 0.010 0.3 X 10+] 0.9 x10 
2 0.194 0.286 0.044 0.4 X 10-3 | 0.36 x 10% 
3 0.0576 0.264 0.1175 |0.3 X10 | 0.86 x 10> 
4 0.0114 0.147 0.206 0.017 0.14 x 10-3 
5 0.15 X 10-7/0.031 0.247 0.031 0.15 x 107 
6 0.14 X 10-7/0.017 0.206 0.147 0.0114 
@ 0.86 X107/0.3 X10 | 0.1175 {0.264 0.0576 
8 0.36 X 10-/0.4 x 10 | 0.044 0.286 0.194 
9 0.9 X104/0.3. x 104] 0.010 0.192 0.390 
10 0.1 X10-%0.1 x 10+! 0.001 0.0575 0.35 
TABLE VI—2. 
Frequency Tables: Values of Pr = NC), p’ (1 — p)N-’, 
Wl. N =15 
Tr p =0.10 | p =0.25 | p =0.50 | p = 0.75 p =0.90 
0 0.21 0.0135 OL3" 10> 10.1 X10 | OL, 10s 
1 0.345 0.068 0.0005 0.4 X 10-7 | 0.1 x 107 
2 0.268 0.164 0.003 0.9 X10} 0.9 x 10-° 
3 0.132 0.232 0.014 0.1.x 10 | 0.3 x 10% 
4 0.044 0.232. 0.043 0.1 X 107] 0.9 x 1077 
5 0.011 0.174 0.093 O754105 5022 Katee 
6 0.002 0.095 0.155 0.004 0.3 X 10e 
7 0.3 X 10 |0.041 0.120 0.014 0.510 
8 0.3 X 10-4 |0.014 0.120 0.041 O28 10=2 
9 0.3 X 10~ |0.004 0.155 0.095 0.002 
10 0.2 X 10 |0.7 X 10-3 |0.093 0.174 0.011 
11 0.9 X 10-7 |0.1 X 10- 0.043 0.232 0.044 
12 0.3 X 10-8 j0.1 x 10+ |0.014 0.232 0.132 
13 0.9 X 10-9 |0.9 x 10> |0.003 _ 10.164 0.268 
14 0.1. X 1070.4 X 10-7 |0.5 X 10-3 |0.068 0.345 
15 0.1 X 10-%/0.1 x 10 |0.3 x 10+ {0.014 0.210 
TABLE VI—3. 
Frequency Tables. Values of P; = NC; p? (1 — p)N. 

IV. N =20. (Values of P involving 60.10 < 10~ and less omitted) 
r p =0.10 p =0.25 | p =0.50 | p =0.75 | p =0.90 
0 0.13 0.32 X 107/0.86 x 104 
1 0.270 0.022 0.175% .10) 

2 0.270 0.067 0.16 X 10-4 

3 0.184 0.137 0.95 xX 10-3 

4 0.092 0.170 0.40 xX 107 

5 0.033 0.200 0.0126 0.36 x 10 

6 0.89 X 10~/0.160 0.031 0.27 x'10-4 

7 0.19 X 100.116 0.062 0.15 X 10-4 

8 0.36 X 10-/0.061 0.103 0.77 X 10> 

9 0.52 X 10~4|0.027 0.136 10:32-X 10-7 

10 0.65 X 10~>/0.010 0.150 0.010 0.65 x 10> 
ll 0.32 X 10-7/0.136 0.027 0.52 x 10+ 
12 0.77 X 10-/0.103 0.061 0.36 x 103 
13 0.15 X 100.062 0.116 0.19 x 10~ 
14 0.27 X 10-4/0.031 0.170 0.89 X 10-7 
15 0.36 X 10%)0.0126 0.210 0.033 

16 |0.40 xX 10~|0.180 0.092 

17 10.95 X 107*/0.137 0.184 

18 0.16 X 107*/0.067 0.270 

19 0.17 X 10-4/0.022 0.270 
20 0.86 < 10-|0.0032 0.130 
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ing H curves drawn for comparison with similarly 
grouped graphical instrument records (See Fig. 3A). 

The following tables (VII-1, and VII-2) giving 
values of p,!/? and c p,'!/“, for various values of 7, ,c, 
and p,, within the ordinary range of duty cycles, 
may be useful in computing values of duty cycle factors 
(See section on Temperature Rating above). 


TABLE VII—1. 
Duty Cycle Factors 


Pr =0.02| 0.03 | 0:04 | 0.05 | 0.06 | 0.07 | 0.08 | 0-09 

Pr4 = 0.14! 0.18 | 0.20 | 0.22 | 0.25 -| 0.27 | 0.28 | 0.30 

Pr =0.10] 0.15 | ©.20 | 0.25 | 0.30 | 0.35 | 0.40 | 0.45 

Pr4 = 0.32| 0.39 | 0.45 | 0.50 | 0.55 | 0.59 | 0.63 | 0.67 

Pr =0.50} 0.55 | 0.60 | 0.65 | 0.70 | 0.75 | 0.80 | 0.85 0.90 

pr = 0.71! 0.74 | 0.78 | 0.81 | 0.84 | 0.87 | 0.90 | 0.92 | 0.95 

TABLE VII—2. 
Duty Cycle Factors 

C— 0.25 0.50 0.75 1.00 1.25 1.50 
Ds CPs) CPs CDs CPs CDs CDs 
0.02 0.04 0.07 OC LL 0.14 0.18 0.21 
0.03 0.04 0.09 0.13 0.18 0.22 0.27 
0.04 0.05 0.10 0.15 0.20 0:25 0.30 
0.05 0.06 0.11 0.17 0.22 0.28 0.34 
0.06 0.06 0.12 0.18 0.25 0.31 0.37 
0.07 0.07 0.13 0.20 0.27 0.33 0.40 
0.08 0.07 0.14 0.21 0.28 0.35 0.43 
0.09 0.08 0.15 0.22 0.30 0.38 0.45 
0.10 0.08 0.16 0.24 0.32 0.40 0.48 
0.15 0.10 0.19 0.29 0.39 0.49 0.58 
0.20 0.11 0.22 0.34 0.45 0.56 0.67 
0.25 0.13 0.25 0.38 0.50 0.63 0.75 
0.30 0.14 0.28 0.41 0.55 0.69 0.83 
0.35 0.15 0.30 0.44 0.59 0.74 0.89 
0.40 0.16 0.32 0.47 0.63 0.79 0.95 
0.45 0.17 0:34 0.50 0.67 0.84 1.00 
0.50 0.18 0.35 0.53 0.71 0.88 1.10 


Thus if observation determines the values of p, = 
0.65, c = 0.75, and p, = 0.15, then in Table VII-1 
find p,'/? = 0.81, and in Table VII-2, opposite p, = 
0.15, and under c = 0.75, find c p,!/2 = 0.29. The cor- 
responding duty cycle factor is d = 0.81 + 0.29 = 1.10. 


Discussion 


V. Karapetoff: Let us take a machine shop, say with thirty 
identical machines, where thirty operators perform the same 
operation, for instance, turning a rod to a smaller diameter. 
Before each machine-tool raw parts are piled up, and when the 
whistle blows in the morning these men begin operations. Each 
one takes a piece, fastens it in the lathe, runs the cut, unfastens 
the piece and puts it back on another tray. Then. he takes 
again another piece and performs the same operation. But all 
operators do not start at the same instant. Mr. Jones assumes 
that each machine is driven by an individual motor and as soon 
as the operation is completed the motor is stopped. Because 
the men do not start at the same instant, there is some phase 
displacement in the cycles, and Mr. Jones’ problem is to evaluate, 
by the theory of probabilities, the demand on the power plant 
under those conditions. ; 

In the case of a very large number of identical machines, the 
demand on the generating equipment cannot be very differ- 
ent from the average current; that is, if you superimpose 
those numerous duty cycles, you get practically a horizontal line. 
So that, in my estimation, with a large number of machines this 
whole complicated method of probabilities is unnecessary. Look 
at the tables in the paper. The coefficients in the binomial 
series are figured out to several places of decimals, to estimate the 
demand on a power plant. The author performs complete 
computations for the current, and shows in the end that aceord- 
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ing to the theory of probabilities the average current is 300 
amperes. But the ordinary, common sense average is also 
exactly 300 amperes. Then, in another example, the difference 
between the current computed according to the formula of proba- 
bilities and the ordinary average is something like 2 amperes. 
One surely cannot estimate the equipment of an industrial plant 
down to 2 or 3 amperes. 

On the other hand, let us assume that the number of motors is 
very small, for instance, in an office building with four elevators. 
Let it be required to estimate the curve of the power demand 
with any arbitrary time distribution of starting of these ele- 
vators. I doubt again, in this extreme case the advisability of 
applying the theory of probabilities. The theory of probabilities 
tells you what might happen with a large number of identical 
objects or events, the most probable combination is very likely 
to happen; but with only four ob;ects such is not the ease. It 
would not be safe to figure on the most probable curve of power 
demanded with four elevators starting at random. Now and 
then at least three of them may start at the same time, and even 
though this may not happen very often, it may mean an inter- 
ruption of the service. 

What we really want is not the most probable curve, but the 
danger curve of demand at starting; about this curve the theory 
of probabilities will give you no information whatever. Your 
ordinary common sense should tell you what to provide for. 
Thus, it seems as if we would have to eliminate from the scope of 
the paper both a large number of motors and a small number of 
motors. 

The theory of probabilities is also not needed to compute the 
total kw-hr. per year. If I know the duty eycle of a motor, the 
number of such cycles per hour, and the number of machines, I 
ean readily compute the total demand. 


Mr. Jones computes separately the most probable current 
when a motor is running (with the starting rheostat out) and 
from it he determines the r. m.s. current for that part of the 
cycle; that is, the current that will give the same heating in the 
conductors as the actual current. Then he takes the starting 
period and figures out the r.m.s. starting current, over and 
above the running current. Finally he adds arithmetically 
those two r. m.s. currents; this last procedure is wrong. Since 
the heating is proportional to the square of the current, one 
cannot add effective currents arithmetically. It is necessary 
to take a square root of the sum of the squares. In the author’s 
example, instead of a current of 507 amperes, I get only 372 
amperes. However, when the theory of probabilities is used, it 
is not even permissible to take the sum of the squares; it is neces- 
sary to figure out the individual total currents, and to add their 
squares, each multiplied by the relative duration of time. 


F. W. Owens: Mr. Jones’ paper is a welcome innovation in 
the treatment of problems in electrical design: The introduc- 
tion of new methods of attacking old problems is always stimulat- 
ing and there is no doubt much more opportunity for the use in 
engineering practise of the methods of the theory of probabilities 
which have been of great service in the consideration of problems 
involving the treatment of mass data. 

In applying new methods, however, the early attempts often 
lose sight of some of the niceties of the methods and may appar- 
ently lead to wrong results, or to a misinterpretation of results. 

In the present paper of Mr. Jones, the problem considered, in 
essence, is that of designing the installation of generators and 
equipment, including protective devices, for furnishing current 
to a number of machines having regular duty cycles of known 
character, say a starting period drawing a heavy current, then 
an ordinary running period drawing less current, followed per- 
haps by an idle period. These characteristics of an individual 
machine being known, but the separate machines operating at 
random, it is necessary to estimate the amount of generating 
equipment and its character, and the nature and size of the 
various protective devices. © 

The total demand for current may readily be estimated without 
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any elaborate methods, since it is simply the product of the aver- 
age amount drawn by one machine and the number of machines. 

More elaborate methods are necessary, however in considering 
such questions as the total size of generating plant and size of 
protective devices. Mr. Jones does not treat the first of these 
questions directly, although the methods of probabilities are 
very likely to be of much service there. 

The most interesting part of Mr. Jones paper rests upon the 
following assumption which does not seem to be made sufficiently 
prominent. If a variable current flows in a circuit, the result 
is the same if the various periods in which the current has a given 
value are grouped together instead of occurring at different times. 
Mr. Jones uses this assumption only in regard to total input and 
heating effects. As far as total current is concerned, the assump- 
tion is obviously true. In the case of heating phenomena, it is 
true as far as the amount of heat produced is concerned, for this 
is proportional (for a circuit with fixed characteristics) to the 
square of the current multiplied by the time. However the 
disposal of this heat is vitally affected by the order in which the 
various sized currents flow, as well as their magnitudes, particu- 
larly if fuses, conduction of heat, etc., are concerned. I do not 
wish to discuss this phase of the matter, except to make clear the 
nature of the assumption, but this would have to be considered 
carefully. 

In-treating the question of “heat input” as well as total current 
input, Mr. Jones uses the concept familiar to the actuary as 
Mathematical Expectation. In applying this to the total input 
he proceeds correctly, although the complicated process is not 
necessary, but in his treatment of the heat input, or r. m. s. total 
input, he makes a serious error of principle, which I shall try 
to point out. The current input is divided into two parts in his 
argument, starting current and ordinary running current. * These 
are treated independently, each as if the other were not present, 
and the results are added numerically. This leads to the correct 
result for the current itself, but to a wrong result except 
when only one size current is treated. I will first show this 
in a very simple problem, then in the illustration Mr. Jones uses 
in his paper. 

Consider two machines each with the following duty cycle. 
The machine uses 200 amperes for one second, then 100 amperes 
for three seconds, then is idle for two seconds, then repeats. For 
each machine, at any time, the probability that it is starting is 
1/6, that it is running light is 3/6, and that it is idle is 2/6. 
Thinking of the starting currents and running currents as dis- 
tinct, we would say with Mr. Jones that the probability that a 
machine is running is 4/6, that it is idle is 2/6. We would then 
have a probability (4/6) (4/6) = 16/36 that both machines are 
running, 2 (4/6) (2/6) = 16/36 that one machine is running 
and that the other is idle, (2/6) (2/6) = 4/36 that both machines 


are idle. The respective currents flowing are 200, 100 and 0 
amperes. For the root mean square running current we would 
have 


16 16 4 
= 2 —— 2 — = 
J 36 (200)? + 36 (100)? + 36 (0) = 149 amperes 


For the starting currents, thought of as extra currents, for 
each machine the probability of extra current flowing is 1/6, the 
probability of its not flowing is 5/6. The probability that both 
machines have extra current flowing is (1/6) (1/6) = 1/36. 
The probability that extra current is flowing in one machine and 
no extra current in the other is 2 (1/6) (5/6) = 10/36. The 
probability that neither machine is drawing extra current is 
(5/6) (5/6) = 25/36. The total amount of extra current drawn 
in the three cases is 200, 100 and 0 amperes, respectively. We 
have then for the r. m.s. of the extra starting current 
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\ 36 (200)? + 36 (100)? + 36 (0) = 62 amperes 
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Adding, we would have for total r.m.s. current 149 plus 62 
= 211 amperes, which is the result of following Mr. Jones’ 
process. 

The correct procedure is as follows, since there is no distine- 
tion between ordinary running current and starting currents, and 
the swm should be squared, rather than treating the results 
separately. There are six different possibilities, according to 
what the motors are doing. If we use (abc) to mean a motors 
are starting, b motors are running steadily, c motors idle, these 
eases are (200), (020), (002), (110), (101), 011). The 
respective probabilities are (1/6) (1/6), (3/6) (3/6), (2/6) (2/6), 
2 (1/6) (3/6), 2 (1/6) (2/6), 2 (2/6) (3/6). The respective 
currents are 400, 200, 0, 300, 200, 100 amperes. Hence for the 
root mean square input we should have 


1 9 4 6 i 
~ 5g AOD ch ae eeOO)e at: (4) (0) + 3, (300)? + 36 (200)? 


12 
+ 36 (100)? = 193 amperes 


instead of the 211 amperes obtained by the wrong process. 

In general, if we have N machines, each with a probability p, 
of a current 7:, probability p2 of a current i2, . . . probability 
Pn of a current in, the probability of any given combination of 
k, machines drawing a current 71, k2 machines drawing current 
iz, ete., is obtained from the term containing p,*! p,*? p,* , 
in the expansion of (pi + p2 + ps +... . pn)”. 

(See Hall and Knight, Higher Algebra, or any standard book on 
Probabilities). 


If we apply this to the problem given by Mr. Jones, in which 
we have six machines each with a duty cycle of 20 seconds, using 
200 amperes for 5 seconds, then 100 amperes for 5 seconds, then 
idle 10 seconds, the work may be tabulated as follows: 


Number of p =1/4,q = 1/4, Current 
motors r=1/2 i 2? 4§ (7 j?) 
drawing Probability 7 of the 2 
200 | 100; O combination 100 10,000 10,000 

6 | 0] 0 p® = 1/48 12 144 144 
5 5 i a) 6 pq = 6/46 11 121 726 
4 |2|01]|15ptqg? = 15/4§ 10 100 1500 
3 3 | 0 | 20p*¢g®? = 20/48 9 81 1620 
2 4/10] 15p?q => 15/45 8 64 960 
1 5 | 0 6 pq = 6/4 7 49 294 
o};6/0 qé = 1/4§ 6 36 36 
5 (ea ae & 6 p> r =° 12/48 10 100 1200 
4 1 1 | 30p‘qr = 60/48 9 81 4860 
3 2 1 | 60 p'q?r = 120/48 8 64 7680 
2 3 1 | 60 p*qr = 120/4° Zi 49 5880 
1 4 1 | 30pq*r = 60/4 6 36 2160 
(t) 5 1 6q'r = 12/46 5 25 300 
Ala) On|, 24 15 pSiree m=060/4* 8 64 3840 
3 1 | 2 | 60 p%qr? = 240/45 7 49 11,760 
2 2 | 2 | 90 p*q?r? = 360/4° 6 36 12,960 
1 3 | 2 | 60pq?r? = 240/45 5 25 6000 
0 4) 2 |) rsq4r = 60/4° 4 16 960 
3 0} 83 | 20p*r? = 160/45 6 36 5760 
2 1 | 3 | 60p*qr* = 480/4° 5 25 12,000 
1 2 | 3 | 60pq?r? = 480/4° 4 16 7680 
(1) 3 °8 |} 20 ¢r** = 160/4 3 9 1440 
2 0 | 4 | 15 p?ré = 240/48 4 16 3840 
1 1 | 4 | 30pqr4 = 480/48 3 9 4320 
tt) 2 | 4 | 15pq?r4 = 240/48 2 4 960 
1 (0 ah 6 pr = 192/48 2 4 768 
0 115 6qr> = 192/4° 1 1 192 
0 0 | 6 r6 = 64/48 (0) 0 0 

99,840 


For root-mean-square current we have 


99,840 | 
asin 


(10,000) =493,+4 . 
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By Mr. Jones’ method, the result was 507 amperes instead of 
the correct 493—remarkably close for a faulty process. 


It is obvious that the numerical computations become rapidly 
more difficult as the number of machines, or number of different 
sized currents isincreased. The tablesin Mr. Jones paper do not 
help in this as they are of no value when the number of currents 
not zero is two or more. 


It should further be remarked that those unfamiliar with the 
subject of probabilities should be careful not to understand that 
Mr. Jones means actually to predict what currents will really 
flow in the circuits involved at any time, but that the figures 
are to be understood as averages to be expected. Neither the 
theory of probabilities nor any thing else can predict the actual 
happenings, except in this sense of averages, although it can 
state what is most likely to happen, and the degree of probability 
of either the most likely, or some other, occurrence. 


Bassett Jones: I regret that the error pointed out by V. 
Karapetoff and F. W. Owens exists in the method. The same 
error has been recently pointed out to me from two other sources, 
also with the remark that the error in result is small. As a 
matter of fact this error has not been picked up in any actual case 
while the method has been in use during the past several years. 
In other words, measured results have always compared so 
closely with calculated results that no reason for doubt developed. 

The method has its limits, of course, but a method with limits 
is better than no method at all. Probabilities is merely a way of 
guessing intelligently. By its use, guesses have proved to be 
nearly correct. Without it, the margin of deviation between the 
guess and the actuality in many eases, has proved to be consider- 
able. 


The necessary correction is quite obvious. It is in the ap- 
proximation used (See Figs. 1 and 2.) The running current 1 
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should be taken for the time 7,-T,’. The starting current, 
Im, and not I rp = Im — 7, should be taken for the time 7’. In 
Fig. 3, take 7 for the time 7, — T,, Is for the time 7’, and J for 
the time 7’. In other words, the proper divisions of the duty 
eyeles are vertical, not horizontal. 

Then, in Fig. 1, pp = T,— T’;/T, ps = T;'/T, and similarly 
for Figs 2, and 3. 

The calculations performed exactly as directed with these 
changes, give the corrent r.m.s. values. The average values 
are the same with the correct and the incorrect method. 


I am sorry that Mr. Karapetoff’s doubts as to the value of the 
method as a whole are not borne out by actual experience. It 
has been used to determine the probable average, and probable 
frequency and amount of peaks for four elevators. We have not 
heard of any shut-downs due to the wrong selection of either fuses 
or circuit breakers. It has been used to determine the load dis- 
tribution for 20 elevators—not all of the same capacity, nor on 
the same service. Here again, no shutdowns have been reported. 
And because the method proved useful in this case, the tables 
were included up to n = 20. 

I believe the method, as applied to averages, is used in life 
insurance when n considerably exceeds 20, say a million or more, 
and many millions of dollars are invested accordingly. Surely 
the probable starting and stopping of a motor is a certainty 
compared to the probable period of a man’s life. 

This does not mean that the method should be used when n is 
large. Then the more approximate method given by me in 
“Standardized Flexible Distributing Systems in Industrial 
Plants’ is available, all as pointed out in the paper. 

Let me add that the deseription of the method looks more 
complicated than it actually turns out to be in practise. Much 
of it can be graphed for ready reference. 


(Jueenston-Chippewa Development of the Hydro-Electric 
Power Commission of Ontario 


BYtinA. 


GABY 


Fellow, A. I. E. E. 
Chief Engineer, Hydro-Electric Power Commission of Ontario 


Review of the Subject.—This paper covers a general de- 
scription of the entire Queenston-Chippewa development of the 
Hydro-Electric Power Commission of Ontario, on the Canadian 
side of the Niagara River, which will have an ultimate capacity 
approximating 650,000 h. p. 

The general scheme of the development comprises an intake 
structure in the Niagara River at Chippewa; the utilization, by 
deepening and widening, of the Welland River as a part of the 
waterway for 44% miles; the construction of a canal 81% miles long 
from the Welland River to the forebay and screen house on the top 
of the Niagara escarpment about a mile south of Queenston village; 
and the construction and equipment of the power house in the gorge 
immediately below the forebay. 


The entire design was carried out with the express object of 
producing power most efficiently from the available water at the 
lowest possible cost. 

Important features of the waterway are described, covering the 

- special design of intake works to avoid ice troubles; the control gate 
in the canal; the concrete lined canal channel, and the consideration 
given the design of canal, forebay, screen house, penstocks and draft 
tubes to obtain the best hydraulic results. 


Of special interest to hydroelectric engineers is the use of the largest 
capacity turbines and vertical shaft generators that have ever been 
constructed; the size of the step-wp transformers; the design and 
arrangement of relay systems and of switching equipment to take 


care of the extremely heavy short-circuit conditions; and features 
of the design of the power house whereby in every 50-foot length 
of building all equipment for one 45,000-kv-a. unit, covering pen- 
stock, turbine, generator, switching equipment, transformers and 
outgoing line, is accommodated; the provision of the main floor 
in the generator room at the top of the generator frame; also the use 
of a control pedestal on main floor.at each unit whereby the turbine 
and generator may be conveniently operated. 

Power for the plant service equipment is obtained from two sepa- 
rate small units, entirely independent of the main wnits, and*25- 
cycle current is used exclusively for service equipment motors, 
including the 300-ton crane equipment and the elevators. 


CONTENTS 
Review of the Subject. (375 w.) Control Room. (200 w.) 
Introduction. (600 w.) Control Pedestal. (75 w.) 
Intake. (825 w.) Signal System. (50 w.) 
The Canal. (2000 w.) Oil Circuit Breakers. (500 w.) 
Screen House. (750 w.) 12-Kv. Bus and Connections. 
Penstocks. (475 w.) (625 w.) 
Generating and Transformer  Sta- 110-Kvy. Bus and Connections. 
tion. (1025 w.) (125 w.) 
Turbines. (300 w.) Relay Protection. (700 w.) 
Johnson Valves. (250 w.) Reactors. (125 w.) 
rived lek pe Service Apparatus. (1000 w.) 
enerators. Ww. . : ‘ 
Excitation. (300 w.) coat aed Circuits. 
Transformers. (275 w.) ; abe 
Main Connection Diagram and Lighting. (175w.) 


Short-Circuit Studies. (575 w.) Telephone Systems. (75 w.) 


T is the intent of this paper to give an outline only 
| of the engineering features involved in the under- 
taking. Under the term “Development” is in- 
cluded only the plant involved in supplying power to 
the 12-kv. busses, but as the transformer station is 
combined with the generating station the paper will 
deal with both features. 

Throughout the period of preliminary study of the 
development and later as the design progressed, con- 
tinuous use was made of models of the various struc- 
tures in order that the mathematical analysis might be 
reinforced by actual demonstrations under the assumed 
conditions. Such models were made for the studies 
of the intake, the bends in the canal, the transitions, 
the diffuser at the mouth of the forebay, and on the 
draft tubes and station substructure. A calculation 
table for determining short-circuit conditions was also 
developed. It is believed that the beneficial result of 
such studies and of the care taken in the design of what 

‘are often considered minor elements of a power develop- 
ment will be demonstrated when complete test results 
are available. 

Such tests as have already been made indicate con- 
clusively that at least as high an over-all efficiency from 
head water to tailwater has been secured, as has. ever 
before been obtained. 


Presented at the Annual Convention of the A. I. EH. E. 
Niagara Falls, Ont., June 26-30, 1922. 


True conservation in the use of the waters of the 
Niagara River for power purposes demands that prac- 
tically the whole fall of approximately 327 feet between 
Lake Erie and Lake Ontario be utilized. The various 
power plants now operating at Niagara Falls vary in 


b AIAGARA =a 


Fig. 1—Map or THE DEVELOPMENT 


head from 180 feet to 210 feet, and with widely dif- 
ferent degrees of efficiency. 

The Queenston-Chippewa power depehopiiente the 
first unit of which was operated first in December 1921, 
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will have a normal operating head of 305 feet when the 
installation is complete. The conservation of head 
effected by the reduction of hydraulic losses to a 
minimum, and by refinements in the design of the 
various essential elements of the project as a whole, 
has resulted in the production of a power development 
which is believed to represent the best in modern 
engineering practise. 

The plant in operation and in course of construction 
will consist of five 45,000 kv-a., 187.5 rev. per min. 
units, generating power at 12 kv., three-phase, 25 
cycles, which in turn is transformed to 110 kv. for 
transmission. Ultimately the plant will consist of 
nine or ten units, with an ultimate capacity of 575,000- 
650,000 horse power. The subsequent units in all 
probability will have greater capacity than those 
being installed at present. Two of the units are now 
in service developing 110,000 horse power, which is 
being delivered to the existing 110-kv. system at 
Niagara Falls for transmission to Toronto, London and 
Windsor (opposite Detroit), Sarnia and intermediate 
municipalities. 

A glance at the accompanying map, Fig. 1, will 
indicate the-relation of the various works comprising 
the development. . Water is taken from the Niagara 
River about one mile above the Falls, is conveyed 
through the improved section of the Welland River, 
a distance of 414 miles, thence by a canal 81% miles 
long, to the forebay and screen house located on the 
Niagara River about one mile south of the village of 
Queenston. From the screen house, steel penstocks 
encased in concrete carry the water down the cliff to 
the power house, from which it passes to the Niagara 
River. 

Construction work was carried on almost exclusively 
by an electrically driven plant, the electrical load at 
-times being in the neighborhood of 20,000 horse power. 


INTAKE 


On the Niagara River one of the great obstacles 
to securing continuity of service is the annual formal 
tion and flow of ice. Great fields of ice, formed in 
Lake Erie with its shallow bays and shores, are dis- 
charged down the Niagara River every spring, and at 
frequent intervals during the winter, under the proper 
coincident wind and temperature conditions. The 
river itself develops considerable anchor and _ frazi- 
ice at times of low temperature, but it never freezes 
over.. 

The site of the intake of the Queenston-Chippewa 
power development, at the mouth of the Welland River 
is favorable in that floating ice in the Niagara River does 
not ordinarily follow the-shore lines at this point; but 
the smooth gradient of the river surface and the com- 
paratively shallow water with its low velocity is un- 
favorable. 

The removal of water in large quantities from a river 
heavily charged with ice is always a difficult problem, 
but is much simplified when a natural break in the 


GABY: QUEENSTON-CHIPPEWA DEVELOPMENT 


473 


river surface, accompanied by a sudden drop, gives a 
source of power for the separation of floating ice, and 
for its continuous disposal. The use of a horizontal 
diaphragm to skim the surface water with its burden 
of ice from the lower strata, thus permitting the upper 
layer to be accelerated and removed clear of the intake 
without objectionable eddies, while the lower layer 
clear of all ice is changed in direction and flows through 
the intake into its new channel, gives a positive and 
satisfactory solution. 

When the natural conditions do not permit such 
an arrangement, as in the present case, radically dif- 
ferent measures must be taken. To confirm certain 
ideas developed as a result of many years’ experience 
and observation of the Commission’s engineers, on the 
present plants operating on the Niagara River, an 
extended series of tests and experiments on large- 
size models were made, these models duplicating to 
scale the topographical conditions existing at the site 
of the intake. The result of these experiments con- 
tributed to the preparation of a design which, it is 


Fig. 2—INTAKE 


confidently expected, will operate in such a way as to 
keep the plant wholly free of this ice menace. 

The illustration of the intake, Fig. 2, shows clearly 
the physical nature of the design. The complete 
intake structure is approximately 1100 feet in length 
and is made up of an entrance with lock gates for navi- 
gation, a bulkhead section, and the intake proper, the 
latter combining two forms of intake; the conventional 
or surface intake consisting of a concrete barrier or 
boom with fifteen openings each 18 feet in width, 
normally having eight feet of submergence, which 
submergence can be increased however by means of drop 
gates, to any amount up to the full depth of water or 
35 feet; and the submerged intake consisting of 
gathering tubes or draft distributors, six in number and 
675 feet in length. Water enters the tubes along a 
distance of 500 feet through a slot on their upstream 
sides. These tubes are controlled by gates similar 
to those on the surface intake, and comprise an outer 
tapering section, wherein the velocity is maintained 
constant, with a longer inner section of twenty-foot 
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diameter, wherein the velocity regularly increases with 
respect to distance along its axis. Diffuser sections 
are situated at the inner end to reduce the velocity 
to that existing in the Welland River section with as 
little loss as possible. 

The slot on the upstream side of the tubes varies 
in width from one foot at the shore end to four feet 
at the outer end, where the slot ends. A restricted 
section, shaped somewhat like a bathtub, forms a 
mouthpiece for each tube, its function being to give the 
required initial impulse to the sucking slot. 

The head at any point on the tube, causing flow 
through the slot, is the resultant of three components 
(a) the initial loss due to the primer, (b) the total of the 
induced losses due to the increments of angular flow 
through the slot, and (c) the total cumulative friction 
head loss in the tube, including velocity head. 

The designed rate of total inflow through each slot 
is 2500 cubic feet per second along the axis of the tube. 
The rate of inflow per running foot of slot has not been 
chosen uniform, however, because the river naturally 
feeds more water at the outer end of the tubes than 
nearer the shore. This variation has been chosen 
in the ratio of four at the outer end to three at the 
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inner end of the slot, which agrees with the natura[ 
flow distribution under present river conditions. The 
total head loss in each gathering tube to the end of the 
diffuser, with a flow of 2500 cu. ft. per sec. in each tube, 
will be only three-tenths of a foot. 

During the greater part of the year, when no ice 
is running in the river, the intake gates of both surface 
and submerged intakes will be open. The navigation 
channel will also be open and the velocity through the 
intake at any point will therefore, be very low, so that 
the head loss under ordinary conditions will be neg- 
ligible. 

THE CANAL 

For a great many miles above its mouth the Welland 
River is a sluggish stream, meandering slightly in a 
depression that can hardly be called a valley. This 
stream for four and a half miles forms the first reach 
of the canal, and its low banks provided a suitable dis- 
posal area for much of the material excavated in the 
process of straightening and deepening the channel. 
The radius of curvature of some of the bends is increased 
in the new alinement, but in the main the old channel 
location is followed. The velocity. under full-load 
conditions will be low, being limited by the scouring 
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velocity for the clay soil through which the improved 
channel is cut. The canal leaves the river channel 
near the crossing of the Michigan Central Railway and 
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turning through a deflection of 28 degrees takes a 
course almost due north for over three miles. The 
ground surface (Fig. 3) rises fairly uniformly until the 
crossing of Lundy’s Lane is reached. The elevation 
here is over 660 feet above sea level or 100 feet above 
the water surface of the intake. The earth over- 
burden is quite heavy (Fig. 4) for the whole of this 
portion of the canal, the bottom grade of the canal 
cutting the rock surface one mile from the Welland 
River. The maximum rock elevation which is 604, 
is beyond Lundy’s Lane and therefore not coincident * 
with the maximum earth surface elevation but the 
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profiles of rock and earth surface are roughly parallel 
to each other. Just beyond Lundy’s Lane there is 
the maximum bend with a deflection of 51 degrees, 
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and at intervals of a little over a mile each, two other 
bends of 27 and 31 degrees. The earth over-burden 
continues fairly uniform (Fig. 5) for three miles beyond 
Lundy’s Lane until Bowman’s Ravine is_ reached. 
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Fig. 6—Looxina Norto— Canat at WHIRLPOOL SECTION 


Here, both rock and earth surfaces fall sharply to an 
elevation far below the grade of the finished canal. The 
ravine here is apparently an old river channel through 
which the Niagara River in preglacial times flowed 
toward Lake Ontario. At the time the construction 
started this was the course of a small stream having 
its outlet at the Whirlpool. The ravine crossing, 
Fig. 6, is made on a fill and the ravine itself proved a 
convenient disposal area for about 1,500,000 cubic 
yards of excavated material. 

Where the canal section again enters the rock cutting 
beyond the ravine, the earth over-burden becomes very 
light, in some places amounting to only a foot or so. 
Two deflections are made in the remaining two miles 
of the canal, one of 33 and one of 47 degrees. A 
quarter mile beyond the second of these curves the 
forebay (Fig. 7) is reached. 

The Design of the Earth and Rock Sections. Long 
continued investigations were made of available infor- 
mation on roughness factors for large canals.in earth 
and rock with and without concrete lining. One of 
the conclusions reached was that Kutter’s formula 
should be used. The roughness factors used in the 
hydraulic studies were 0.035 for the river section and 
0.012 for the concrete lined rock section. 

Forty-eight hundred feet from the Welland River 
the rock surface cuts the bottom grade of the canal. 
The shape and size of the channel begins to change 
here, a transition to the rectangular cross-section of 
the rock section taking place. . 

A thorough study of excavating machinery and 
methods that was carried on in 1916 and 1917, indi- 
cated the economy of using heavy equipment capable 
of loading the spoil from the bottom of the cut into 
ears at the surface. A cut at least forty-eight feet 
in width was necessary to permit these large shovels 
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to work and economy studies indicated that the saving 
effected by. the large shovels would compensate for 
any other losses that the wide cut occasioned. 

Economy Studies. The procedure in determining 
the economic proportions of the canal will be outlined 
briefly. It is essential that the canal should carry 
full quantity of water required under the lowest con- 
ditions of water level in the Niagara-River. A series 
of canals was designed each of forty-eight-foot width 
and capable of carrying the required supply of water 
with uniform.flow and with low water in the Niagara 
River at Chippewa. The first of the series was of such 
a depth that the velocity would be four feet per second 
and the designed slope of the bottom and water sur- 
face was the requisite slope for uniform flow, the others 
being designed for higher velocities. 

The cost of each of these canals was figured and a 
curve plotted between low water velocity and cost. 
From this curve the tangents were scaled for various 
low water velocities. For low velocity the canals 
will be deep and therefore costly. For very high 
velocities the canals will be shallow but the slope so 
steep that the cost will be greater than for moderate 
velocities, the canal of minimum cost being for a ve- 
locity intermediate to the greatest and least investi- 
gated. The canal of minimum cost, however, is not 
necessarily the most economical. Enlargement will 
reduce the friction loss and consequently increase the 
head and power output at a cost which up to a certain 
point is both justifiable and economic. The determina- 
tion of the economic size is based not on low water but 
on the mean water conditions. For each of the canals 


already designed, the profile of the water surface 
corresponding with mean water level in the Niagara 
River is computed, thus determining the friction loss 


and lost power at mean water. Tangents were scaled 
from a lost power curve plotted from these results and 
were divided into the tangents from the lost power 
curves for each low water velocity. The dividend 
in each case is the cost in dollars per horse power of 
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the power gain at the particular velocity to which the 
result applies. These dividends are now plotted 
against low water velocity, constituting an “economy 
curve” from which the economic velocity may be 
selected. 

Slight changes in the head give increases in power 
without appreciable change in operating or mainte- 
nance costs, and the only essential charge against 
power gained by slight enlargements of the canal is 
the interest charge on the cost of enlargement. The 
economic velocity, therefore, is one corresponding 
with the total cost per horse power on the economy 
curve considerably higher than the total average cost 
of the whole development. 

Control Works. A control gate (Fig. 8) is located 
at station 97+00 which is near the beginning of the 
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Fig. 8—Controu GatrE 


rock section. This is an electrically operated Stony 
sluice of forty-eight foot clear span, the full width of 
the rock section. The use of two gates with a central 
pier was considered, but the single gate was found to 
be the most advantageous, as it provided an unob- 


structed waterway .with a consequent reduction in 


friction losses. The gate, which is supported on 
steel towers with a concrete substructure, weighs 
approximately 100 tons, and is provided with two 
hoisting mechanisms and two counterweights. The 
gate when at the top of its run is sufficiently above the 
water surface in the canal to permit a tug to pass be- 
neath. 

Whirlpool Section. Bowman’s Ravine west of the 
whirlpool was crossed on a rock fill, the cross-section 
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of the canal being changed from a forty-eight-foot 
rectangular section to a trapezoidal section with ten- 
foot bottom width and side slopes of one vertical and 
one-half-to-one horizontal. This cross-section was 
designed to be as large as the rock section at the 
extreme minimum water level at which operation of the 
generating station could take place, and of course, 
the trapezoidal shape gives it greater area than the 
rectangular for any water surface elevation greater 
than this. The whirlpool section is lined with concrete, 
carrying considerable reinforcement to protect the 
lining, in the event of settlement of the fill. It was 
also anticipated that should the canal be emptied 
at any future time, this lining would not withstand 
the inward pressure of the water with which the sup- 
porting rock fill would be saturated, so vents of suffi- 
cient size to drain the fill as quickly as the water 
could be drawn down in the canal, were provided near 
the top and bottom of the channel. These vents; 
are protected with light wooden covers, which will be: 
dislodged under a comparatively small excess of inward: 
pressure. 

Concrete Lining. Economic considerations prompted 
the lining of the canal with concrete. The height 
of the lining was fixed slightly lower than the profile 
of the water surface existing when the load conditions 
on the plant are a maximum and the Niagara River 
flow is a minimum. Thus, at all times the lining will 
be protected by submergence against the action of 
frost. The thickness of the lining varied with the 
rock over-break but averaged about 20 inches, and 
where necessary, steel dowels were used to anchor 
the concrete lining to the rock face. 

It was held that extreme smoothness of surface was 
not the only determining factor, but that precise aline- 
ment is also a most important element in the reduction 
of hydraulic losses. Great care was taken to obtain a 
smooth surface by the use of steel forms, and a posi- 
tive and rigid method of form setting was devised, 
which insured almost perfect alinement. The results 
obtained were very excellent, and it is expected that 
when opportunity offers to test experimentally the 
efficiency of lined section of the waterway, extremely 
low roughness factors will be realized. 

The Forebay. The kinetic energy of the water at 
the end of the canal, and at entrance to the fore- 
bay was too great to neglect in the design. Neces- 
sarily, in the forebay the velocity of the water will be 
so greatly reduced as to make its velocity head negli- 
gible, and some means therefore had to be found to 
regain the energy in the water as its velocity decreased. 
The same difficulty is experienced here as in any tran- 
sition in which velocity is being reduced, namely, 
that the stream lines tend to follow paths of their own 
course, unless the design is very carefully worked out 
and the angle of divergence properly fixed. _ ; 

A great mass of experimental data on diverging 
tubes for air and water is available, indicating that a 
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ten-degree angle of flare is the most efficient. In order 
to confirm for this particular case the conclusions arrived 
at from other experiments, a model of the forebay 
was built in the Hydraulic Laboratory of the University 
of Toronto, and tried out with nineteen transitions 
of various angles and lengths.. These experiments 
confirmed the conclusions.reached from other available 
data, and also provided, in their quantitative results, a 
basis for the economic design of a transition that would 
cost no more than was justified by the gain in power 
from reclaimed head. These experiments involved 
measurements of extremely small differences of water 
level, necessitating observations to thousandths of 
an inch as the velocities in the model were quite low— 
only one-twelfth of the corresponding velocity in the 
full-size structure. Notwithstanding this condition, 
the results were, with very few exceptions, quite 
consistent and resulted in the design of the “‘diffuser’’ 
structure inserted in the forebay transition, providing 
two entrance passages into the forebay, each with a 
diverging angle of ten degrees (Fig. 9). It consists of 
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a wedge-shaped structure 221 feet long and 37 feet 
wide at the downstream end. The sides are vertical, 
straight and smooth and are carried 28 feet above the 
bottom of the forebay. An opening 16 feet by 20 feet 
in the end wall assures approximately equal pressures 
on both sides of the walls. 

Through this expedient, the high velocity at the 
end of the canal is gradually reduced and its kinetic 
energy recovered, with the result that the elevation 
of the water in the forebay beyond the deflector will 
be higher than at the mouth of the canal. For a flow 
of 15,000 cubic feet per second, and mean water level 
at Chippewa, the reclaimed head amounts to approxi- 
mately one foot. 

SCREEN HOUSE 

.At the lower end of the forebay, and serving as a 
dam for the same, is located the screen house. This 
structure forms the entrance, and the control, for the 
penstocks. The entrance to each of the main pen- 
stocks is a modified bellmouth consisting of three 
openings 12 feet 8 inches wide and 29 feet high at the 
rack supports. These three openings gradually con- 
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verge into one opening 16 feet in diameter at the point 


of connection to the penstocks. In designing these 
water passages particular care was given to the securing 
of smooth stream lines and consistent changes in 
velocity. The bell-mouth entrances are sealed by a 
concrete curtain wall extending down to elevation 542.0 
which gives a depth of 28 feet above the floor of the 
forebay. Immediately behind the curtain wall, steel- 
lined gate checks are provided to support structural 
steel gates. These provide a means of unwatering in 
case it is necessary to get at the lower sections of the 
racks, or for inspection of the penstocks. The dividing 
of the intake into three waterways was done in order 
that the spans for the gates could be made of convenient 
size and to permit the use of racks of a somewhat new 
design. The racks, which consist of three-inch by 
three-eighths-inch bars on edge, at five-inch centers, 
are fastened rigidly to a structural steel supporting 
frame held in checks in the concrete walls. The whole 
of the rack structure is removable and they are split 
horizontally into two sections for convenience in 
handling.. A specially designed rack follower with an 
automatic latch arrangement is provided to facilitate 
the removal of the racks, the bottom section being a 
considerable distance below the floor of the screen 
house. The bars and the supporting structure of the 
racks are designed to withstand a head of 10 feet with 
a stress of 20,000 pounds to the square inch in the steel. 
This type of construction removes the danger of a 
serious shutdown due to the collapse of rack structures, 
as In the event of blocking by ice or other foreign matter 
the failure of one section would immediately relieve 
the others. The broken section can then readily be 
replaced with a spare one without serious interruption 
to operation. 

A trash trench of liberal dimensions extends across 
the bottom of the forebay immediately in front of the 
screen house piers to collect any debris or foreign 
material which may travel along the bottom of the 
forebay. The piers dividing the main unit entrances 
are 6 feet in thickness, while the two intermediate piers 
in each unit are 8 feet thick. The main dividing piers 
are designed for full water pressure on each side in 
order that any unit of the intake may be unwatered 
while the adjacent units are in operation. An opening 
in the main floor immediately behind the racks provides 
a means of disposal of trash into a trough, which empties 
into the ice chute. 

The screen house, as constructed, provides for nine 
main units, a service unit and an ice chute, and is 
arranged so that a further unit entrance may be added 
at the north end. 

- The entrance to the service unit is similar to the main 
unit, except that it consists of one bay only, and the 
entrance to the penstock itself is a true bell-mouth 
instead of the sectionalized transitions in the main 
unit entrances. The ice chute bay has a clear width 
of 25 feet and is provided with a sluice gate of the 
Stony type, which is lowered to pass surface water 
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carrying ice. After passing the gate, the water and 
ice enter a 10-foot diameter concrete pipe and passing 
down the cliff, out beneath the power house, empty into 
the Niagara River. Stop log checks are provided 
ahead of the gate for use in an emergency, or for 
inspection purposes. 

The screen house is located close to the edge of the 
escarpment, only a narrow ledge of rock being left 
between it and the gorge. Owing to the disastrous 
results which would follow a failure, the screen house 
substructure was designed to resist the full head exerted 
by the water in the forebay without any assistance from 
the adjacent rock. The superstructure is built with 
reinforced concrete walls and roof with a structural 
steel framework, and is equipped with an electrically 
operated traveling crane of 25-ton capacity for handling 
the racks and gates. At the south end of the screen 
house proper, an enlargement of the building provides 
for administration offices, and entrance to elevator to 
the tunnel giving access to the generating station. 


PENSTOCKS 


From the screen house, the water is carried to the 
turbines in steel plate penstocks. The main unit 
penstocks are 16 feet in diameter for approximately 
two-thirds of their length, and are then reduced by a 
taper section to a diameter of 14 feet. The accompany- 
ing illustrations show the excellent alinement of the 
penstocks, there being only two bends, one located at 
the top and one at the bottom. These elbows are 
held in massive concrete anchor blocks, the one at the 
upper bend forming a foundation for the piers support- 
ing the sidewalk and roadway along the edge of the 
escarpment. 

Each penstock ring is made up of two plates with 
longitudinal joints on the horizontal center line. These 
joints are all double butt joints, varying from double 
riveted at the top to quadruple riveted at the lower end. 
The circumferential joints are also single butt, double 
riveted with the butt strap on the outside. The longi- 
tudinal joints are calked on the inside, but the cireum- 
ferential joints are made water-tight by electric welding. 
This type of circumferential joint gives a very much 
better alinement to the inside of the pipe than can be 
obtained with the usual outside and inside course with 
lap joints. In designing the penstocks a stress of 
12,000 pounds to the square inch was used, this figure 
being taken to provide for the exigencies of corrosion, 
fatigue, suddenly applied loads, and other indeter- 
minate or unknown contingencies. The internal pres- 
sure, used for design purposes, was taken to be the 
static head, plus the pressure rise due to a complete 
closing of the turbine gates in 11% seconds. This 
increase in pressure was taken as a maximum at the 
turbine gates and varying uniformly to zero at the racks. 

The thickness of the plates varies from one-half inch 
at the top section to one and one-quarter inches at the 
lower section, while the longitudinal butt straps are 
one-half inch thick with two rows of seven-eighths 
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inch rivets for the lightest joint, and fifteen-sixteenths- 
inch thick with four rows of one and three-eighths-inch 
rivets for the heaviest. The efficiency of the longi- 
tudinal joints at the heavy section is approximately 
85 per cent. In the erection of the penstock, a new 
departure was initiated in the use of electric rivet 
heaters; by this method a consistent and close range 
of temperature was possible so that burnt rivets were 
very rarely encountered. 

The penstocks are covered throughout their entire 
length with a concrete envelope, having a minimum 
thickness of 24 inches, which protection will, it is 
believed, greatly increase the life of the steel pipes. 

The penstock for the service units follows the same 
alinement as the main penstocks and has a diameter of 
five feet. As friction loss in this pipe was not such an 
important factor, lap joints and inside and outside 
courses were used. 


GENERATING AND TRANSFORMER STATION 
The generating and transformer station (Fig. 10) 
is located below the escarpment and close to the River’s 
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edge. As will be observed from the cross-section draw- 
ing, the station extends about one-half the distance to 
the top of the escarpment. The structure required 
to house five main units and the service equipment is 
350 feet long, and ultimately this length will be doubled. 
The substructure is of massive concrete construction 
carried down to rock foundations, and provides cham- 
bers and tunnels for housing and giving access to various 
kinds of apparatus. The superstructure consists of a 
structural steel frame work with reinforced concrete 
floors and roofs, and concrete, brick and tile walls and 
partitions. . 

The location of the transformer and switching per- 
tion of the plant on the top of the escarpment was con- 
sidered, but owing to the difficulties in carrying the 
current at 12 kv. from the generators to the trans- 
formers up the cliff; and to operating advantages in 
having a combined station; also to the space between 


June 192z 


the generator room and the cliff being sufficient for the 
purpose, the decision was made to have the building 
to house the transformers and switching equipment 
combined with the generator room. It will be noted 
from the cross-section of the plant (Fig. 10A) that the 
layout of electrical equipment accommodates itself to 
the 60-degree slope of the cliff. 
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The steel columns are spaced longitudinally 26 and 
24 feet alternately starting at the south end. The 
strength of the generator room steel was primarily 
determined by the necessity of providing cranes to 
handle the generator rotors which weigh about 300 
tons each. The structural steel was so designed that 
it could be erected and the crane operated before the 
concrete walls were poured. 

To guard against flooding due to the river level 
rising, the walls are designed to resist water pressure up 
to elevation 300, which is 16 feet above the base 
of the generators. No openings which might admit 
water from the river were permitted below this eleva- 
tion, although temporarily a railway track is brought 
in at the south end at elevation 284, and is protected by 
stop logs. 

The illustrations show the general design of the 
building. Some features which may be mentioned are: 
the arrangement of the generator cooling air intake 
ducts, which are carried up in the east wall between the 
columns to above elevation 300, where openings are 
provided to admit air either from outdoors, or from the 
interior of the generator room, an arrangement which 
takes up no floor space; the location of the generator 
room main floor at the top of the generator frame, a 
construction which provides space at small cost for the 
exhaust air ducts, fans, generator field equipment 
adjacent to the unit, and still allows a clear space around 
the generator on the main floor; the large steel sash 
windows in the generator room which are 21 feet in 
width by a total height of 38 ft. 4 in.; longitudinal 
tunnels in the substructure for handling turbine run- 
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ners, and for piping; a longitudinal room, centrally 
located, for all conduit runs for control and instrument 
cable, with a corridor immediately above it the full 
length of the building; the location of control room 
over generator room at the center of the completed 
plant; provision of separate rooms for each 12-ky. 
oil circuit breaker; and particularly the symmetrical 
location of all main equipment for each unit—gover- 
nors, transformers, oil circuit breakers, reactors, fans— 
in the 50-foot longitudinal space in which the turbine 
and its generator are situated. 

The floor at the top of the generator frame materially 
reduces the unsupported height of the main crane 
columns, and does not affect the elevation of the crane 
rails, as the height of the crane is determined by the 
height of generator frame and shaft. 

Access to the building from the main roadway and 
the electric railway on the top of the cliff is provided 
by the elevator in the administration end of the screen 
house, and a tunnel from the bottom of the elevator 
shaft to the power house floor on elevation 346 at the 
south end (Fig. 11). 

In general, all plant services are provided in the 
southerly 75 feet of the station. In this area are 
located the sump pumps and motors, the air compressor, 
the service generators, transformers and switchboards, 
erection space, main station elevator, maintenance 
shops and stores, lubricating and insulating oil plants, 
battery rooms, a fully. equipped hospital room, also 
kitchen and dining room and offices. The intention 
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is to duplicate nearly all these services in the extreme 
north end of the ultimate stations. 

Permanent railway connections are provided by a 
track built along the river at the bottom of the cliff 
from the generating station to the Michigan Central 
Railway at the village of Queenston. A railway track 
is carried across the river side of the station building 
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on an extended portion of the substructure to give 
access to the area to the south. 

A 300-ton crane consisting of two separate units 
each having a capacity of 150 tons is provided in the 
generator room for handling generators, transformers 
and other apparatus. When the crane is to be used in 
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lifting the generator rotor, which is the heaviest piece, 
an equalizer beam is used. This crane is supplied with 
a-c. motors and control. 

Electric hoists are located throughout the station to 
facilitate the handling of equipment. 

The entrance elevator, from screen house to entrance 
tunnel, operates at a speed of 450 feet per minute, and 
is equipped with a 25-cycle, 550-volt, three-phase, 
variable-speed motor of the commutator type with 
brush shifting gear. The main elevator in the power 
house is in the southerly portion of the building and 
serves all floors. It operates at a speed of 350 feet 
per minute and is equipped with a two-speed, 25-cycle, 
550-volt, three-phase induction motor. An automatic 
elevator located near the control room for the use of 
the operators, is also operated by a 25-cycle, 550-volt, 
three-phase induction motor. 


TURBINES 


Each unit has a capacity of 55,000 brake h. p. under 
305-foot head and the section through the power 
house shows clearly the general arrangement. The 
draft tube on No. 1 unit is of the common curved type 
modified at the elbow, while each of the other units 
is equipped with a Moody spreading tube. In the 
design of these units care was taken to insure good 
lubrication for the gate stems and to assure that all 
wearing surfaces were well greased. The use of 
labyrinth seals on the runner rims (Fig. 12) cuts 
down leakage to a minimum. It will be noted 
on the section that the top portions of the draft tubes 
are of cast iron and these are so arranged that they 
can be lowered to facilitate the removal of the runner 
from below, thus dispensing with the necessity of dis- 
mantling of the generator. Owing to the presence 
of a considerable amount of sand in the water during 
periods of flood, and by reason of dredging operations 
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in the upper:canal, a pressure sand filtering plant has 
been installed to filter all water supplied to the lignum- 
vitae bearings to prevent scoring of the turbine shaft. 
The lignum-vitae bearings themselves are about six 
feet in length and in order to ensure lubrication over 
their entire length the water is admitted both at the 
middle and top of the bearing. A flow meter, with an 
indicator and an alarm light, is connected to the 
bearing water supply to guard against any stoppage 
of the flow continuing long enough to injure the shaft - 
or bearing. The longitudinal passageway on elevation 
264 gives access to the turbine bearings, gate stems, 
servomotors, (Fig. 18), governors and filters. 

Air brakes, which act against the underside of the 
generator rotor, are provided to bring the unit to rest 
quickly in case of shutdown. 


JOHNSON VALVES 


The lower end of the main penstock terminates in 
a 14-foot Johnson valve, the outlet end of which is 
10 feet in diameter and connects to the turbine casing 
by several sections of cast steel pipe. While this type 
of valve is too well-known to require any description, 
the method of control is worthy of note. This is 
accomplished through three 8-inch Johnson valves, 
which are in turn operated by pistons in cylinders under 
penstock pressure controlled by a three-way plug valve. 
When opening the valve to fill the scroll case, it is 
necessary to build up the pressure in the latter, in order 
to balance the pressure on the two sides of the plunger. 
The operation of the valve is so arranged that this is 
carried out automatically by a series of oscillations of 
the plunger, as soon as the control handle has been 
thrown into the opening position. In closing, the mo- 
tion of the plunger is retarded near the end of the stroke 
to prevent an excess rise in pressure, due to too sudden 
closing, and also to protect the plunger seat against 


Fie. 183—View or TurBine Deck 


shock. The control is so arranged that the valve 
will close automatically in case of a break in the scroll 
case, and it is also provided with a remote hand control 
so that it may be closed, if necessary, from the control 
pedestal.on the main operating floor. 

-Access to the valve is from the floor on elevation 264, 


June 1922 


the valve being located in a chamber which provides 
space for dismantling the valve. 

The five-foot service penstock terminates in a steel 
plate Y. The two legs are each equipped with a 36- 
inch Johnson valve for each service turbine. 


GOVERNORS 

The governor system for the main units uses filtered 
water containing one per cent of soluble oil. This 
is supplied to the governor at from 150 to 200-pounds 
per square inch pressure from two motor-driven cen- 
trifugal pumps which feed into an accumulator tank 
for each unit. The return fluid from the servomotors is 
carried back through a return main to two concrete 
tanks so arranged that one tank may be emptied and 
cleaned while the other is in operation. It had been 
found in other installations, where a central pumping 
system capable of handling the completed plant was 
initially operated to supply only one or two units, 
that difficulty was experienced owing to the large 
capacity pumps heating up the small amount of fluid in 
circulation. To avoid this, a small capacity pump 
was also installed to supply governor pressure during 


Fig. 14—No. 2 GernerRATOR SHOWING CONTROL PEDESTAL 
AND GOVERNOR HEAD 


the early stages of operation, and to be held afterwards 
in. reserve for an emergency. To guard against a 
shutdown due to the failure of the governor pumps, 
an emergency connection has been provided to pass 
direct penstock pressure into the governor system 
header. This permits the governors to operate on 
penstock pressure, at any time that the pumping sys- 
tem is out of service, and has already been called into 
service since the first two units were placed in operation. 

Owing to the very small ratio of length of penstock 
to head (about 114 :1) and the large flywheel effect 
of the generator rotors, the regulation of these units 
is a comparatively simple problem. 


GENERATORS 


The present five units are each rated at 45,000 kv-a., 
80 per cent power factor, 12,000 volts, three-phase, 
-25 cycles at 187.5 rev. per min. _ They are capable of 
being- operated continuously at 49,500 kv-a., with 
--either voltage or current 10 per cent in. excess of. the 
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per cent of rated speed. 
-volts on armature and of 2500 volts on field and exciter 
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rated values. The type is vertical (Fig. 14) with direct- 
connected shunt-field commutating-pole, 250-volt, 150- 
kw. exciter. The over-all efficiency of the generating 
units is slightly in excess of 97 per cent at 80 per cent 
power factor. The thrust bearing is designed to support 
a load of one million pounds, which is slightly in excess 
of the weight of the rotor plus the hydraulic thrust 
imposed by the turbine. Upper and lower guide bear- 
ings are provided the latter on account of the length 
of shaft and to keep the generator a self-contained 
unit. 

The quantity of air required for cooling is 120,000 
cu. ft. per minute. It is interesting to note that the 
weight of air passing through the generator every 21% 
hours equals the total weight of the generator, namely 
1,400,000 pounds. The units are completely enclosed, 
the air being drawn either from the outside of the gener- 
ator room, or from both, and discharged through ducts 
into the atmosphere or to the different sections of the 
building for heating purposes. With five units in 
operation at rated load, there will be available for 
heating the building 5400 kw., which corresponds to 
1.2 kw. per 1000 cubic feet of building contents. This 
amount of heat should be ample for heating the build- 
ing at all times. 

The maximum observable temperature which any 
portion of the unit will attain under rated conditions 
as obtained by thermocouples will not be in excess of 
105 deg. cent. with 40 deg. cent ambient air. The 
temperature as obtained by thermocouples is indicated 
on the control pedestal adjacent to the generator, and 
also in the control room. 

Units Nos. 1, 2 and 3 are all of the same make, 
having a rotor with cast steel spider and laminated 
built-up sheet steel rim, dovetailed to the spider. 
These three units have upper and lower bearing brackets 
of cast iron, and are provided with the Kingsbury 
thrust bearing. Armature windings are insulated in 
slot. portions with sheet mica insulation ironed on, 
whereas the end portions of the windings are insulated 
with mica and varnished cambric taping. The stator 
is divided vertically into four 90-degree sections. 

Units Nos. 4 and 5, being made by a different manu- 
facturer, have a rotor made up of seven cast steel sections, 
five of which carry the pole pieces, the other two, 
one above and one below, being provided for additional 
flywheel effect. Upper and lower brackets are of 
east steel and a spring supported type of thrust bear- 
ing is used. The armature coils are insulated through- 
out with mica tape. The stator is divided into three 
120-degree sections. 

The flywheel effect of each unit is 21,500,000 W R’. 
The rotors are required to stand an overspeed of 185 
Insulation tests of 30,000 


are specified. 


The over-all diameter of these units is 25 feet, 
the diameter of, rotor. over pole faces being 18. feet 
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approximately: ~The shafts are 30 inches in diameter 
in the guide ‘bearings and are provided with flange 
at lower end for bolting to corresponding flange on 
turbine shaft. The shafts are hollow with 8-inch 
diameter bore and are 30 feet 3 inches in total length. 
The over-all height of generators: above the generator 
floor (elevation 284) is 26 feet 10 inches, thus above 
the main floor (elevation 297) only the top of the 
frame and the upper bracket, thrust bearing housing 
and exciter are visible (Fig. 15). 

The weight of the complete generator is 1,400,000 
pounds, that: of the rotor 615,000 pounds. The largest 
piece to be handled by the cranes weighs 600,000 
pounds. 


Fic. oF GENERATOR Room ~ LOOKING 


NortH 


15—INTERIOR. VIEW 


EXCITATION 


The principal source of excitation for each unit is 
the direct-connected exciter mounted above the genera- 
tor. Each exciter has sufficient capacity to furnish 
excitation for one 45,000-kv-a. generator, and is 
rated at 150 kw., 250 volts. It is of the shunt-wound 
type with commutating poles and is especially designed 
for service with a generator voltage regulator. 

The auxiliary source of excitation consists of a motor- 
generator set made up of a 250-volt 150-kw. shunt- 
wound d-c. generator, with commutating poles designed 
to carry the excitation of any one of the generators, 
and to work with the voltage regulator belonging to 
that unit. 
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At present there is-one auxiliary exciter» 
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- set for five units, but in the completed station it is con- 


templated that there will be additional sets, each acting 
as a spare exciter for a group of machines. Each spare 


Fie.- 16 


exciter may be connected to 1ts own bus, to which the 
field of any generating unit of its group may be con- 
nected as shown in the diagram (Fig. 16). The auxi- 
liary motor-generator sets are driven from the 2200- 
volt station service system. 


Fie. 17—45,000-Ky-a. Suvcie-Puase TRANSFORMER 


A voltage regulator of the vibrating relay type con- 
trols the voltage of each. generator. ‘This regulator is 
equipped with compensation to prevent cross currents 
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when units are in parallel on the 12-kv. bus; also with 
adjustable compensation for ohmic and inductive drop 
in transformer banks and lines. Each is provided with 
a device for maintaining a low maximum of exciter 
voltage in case of a drop of voltage due to short circuit, 


GENERATING STATION—WIRING Dt1a- 


Fig. 18—QuEENSTON 
GRAM OF Main CONNECTIONS 


also with a device for cutting resistance into the exciter 
field circuit to limit the voltage in case of overvoltage 
due to overspeed or other causes. 

No main generator field rheostats are used. 


- TRANSFORMERS 


These are of the shell type and are individually 
rated at 15,000 kv-a., 25 cycles, 12,000/63,500/76,200 
volts at 80 per cent power factor. There will be five 
banks of three, connected 4— Y to give 110 to 132 kv. 
at rated load. The~ guaranteed efficiency at 80 per 
cent power factor is 98.25 per cent. The quantity 
of oil required for each transformer with its expansion 
tank is approximately 6500 Imperial gallons, the 
weight of the complete transformer is 100 tons. 
The over-all height is 281% feet, and diameter of the 
tank is 91% feet (Fig. 17). 

Maximum observable temperature rise is specified 
at 50. deg. cent. with an observable temperature rise 
of 55 deg. cent. under a 10 per cent overload, above 
ingoing cooling water temperature of 25 deg. cent. 

Insulation tests are 280 kv. and 33 kv. on high and 
low-voltage windings respectively. 

The main tanks are of boiler plate with plate bottoms 
and covers. The tanks are required to withstand an 
internal pressure of 150 pounds per square inch and 
also a vacuum equivalent to 24 inches of mercury. 
The main tanks will be completely filled with oil, the 
expansions of the oil being provided for in separate 
tanks, but provision is made in the height of the main 
tanks so that operation without the expansion tanks 
will be safe. 

The transformers are mounted on roller bearing 
structural steel trucks set on rails on elevation 297 to 
the rear of the 12-kv. switching equipment. A track 
runway throughout the length of the building connects 
to a cross runway at the south end, which permits 
moving the transformers to a position under the gener- 
ator room cranes. 
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MAIN CONNECTION: DIAGRAM AND SHORT-CIRCUIT 
STUDIES 

The main wiring diagram (Fig. 18) shows the elec- 
trical arrangement of themainapparatus. A generator, 
bank of transformers and a line is considered a unit, 
each with a normal capacity of 45,000 kv-a. It will be 
impracticable to dispose of the power in blocks of this 
capacity and grouping of units will be essential. For 
this purpose 12-kv. and 110-kv. busses are provided. 
The diagram shows a double 12-kv. bus, only one of 
which, however, that with reactors, is being installed, 
but space is being provided for the second or emergency 
bus, and this may be installed later if conditions war- 
rant. 

Extremely interesting studies were carried out to 
determine the mechanical, magnetic and thermal 
effects on conductors under normal and abnormal 
operation with different groupings. 

In the analysis practically all possible conditions of 
operation were considered. A key diagram was pre- 
pared with symbols representing groupings of units. 

Referring to Figs. 19 and 20, I, II, III or IV indicates 
that 1, 2, 4 or 8 generators are paralleled on the low- 


Queenston Generating Station. NC. 900. 
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Fre. 19—Diacram ror SHort-Circuir STupiEs 


voltage bus. If followed by Rf as II R, etc. the genera- 
tors are paralleled through a reactor. If followed by 
S as II S, ete. the generators are connected to a syn- 
chronizing bus through a reactor. - a, b, c or d indicates 
that 1, 2, 4 or 8 generators are paralleled on the high- 
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voltage bus, so the significance of III Rd may be read- 
ily understood as two groups of four generators each 
connected through reactors on the low-voltage side 
and the eight units paralleled on the high-voltage bus. 

The short-circuit values are given as the r.m.s. 
values of the first symmetrical wave of current times 
the normal voltage times square root of three. 

From the studies it was found that the star bus 


4 +. 
Queenston and Present Niagara 
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SYMMETRICAL SHORT-CrrRcUIT VALUES 
on H. T. Bus 


Fie. 20A—MaximuMm 


scheme had a slight advantage in so far as short-circuit 
currents are concerned over the ring bus scheme with 
not more than four generators in parallel, but with more 
than four generators in parallel the short-circuit cur- 
rents on the star bus are considerably higher than on 
the ring bus. 

With eight generators operating in parallel on the 
12 kv. bus the r. m.s. value of the first wave of the 
symmetrical short-circuit current may reach a value 
of 140,000 amperes with no reactors between generators. 
Using 4 per cent reactance (based on the capacity of a 
generator, namely 45,000 kv-a.) in bus reactors between 
the generators in the ring bus scheme 73,000 amperes 
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would obtain and 104,000 amperes in the star bus if 
that scheme were used. 

For the above short-circuit values. (140,000, 73,000 
and 104,000 amperes) the forces between the busses, 
spaced two feet apart, would be 5120 lb., 1420 lb. and 
2870 lb. respectively per linear foot of bus. Fig. 21 
shows the forces between the busses for both 24-inch 
and 45-inch spacing under different conditions of 
operation. 

From these studies it was decided to install 5 per 
cent bus reactors between the generators and increase 
the spacing between the busses to 48 inches in order 
to reduce the short-circuit currents and mechanical 
forces to a minimum within the limits of available space. 
Further increase in the reactance between generators 
would cause but slight reduction in the short-circuit 
currents. 

These curves were used as a basis in deciding upon 
the strength of bus supports to use and the rupturing 
capacity of the oil circuit breakers required. The oil 
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circuit breakers which are used are suitable for opera- 
tion under conditions at least as severe as IV Re. 


CONTROL ROOM 


The electrical control of the station is centered in 
the control room which is situated at elevation 361 
above the generator room over units4to 6. A room 
approximately nine feet high underneath the whole 
control room permits control conduits to be brought in 
from the longitudinal conduit room and distributed to 
the various switchboards in an accessible and conve- 
nient manner. In the control room, the switch con- 
trols, indicators and dummy busbars are mounted on 
bench board sections, arranged in the general form of 
the are of acircle. To the rear of the bench board are 
vertical panels carrying the necessary indicating 
instruments. Further back are the panels carrying 
the recording meters and relays, placed face to face. 
The completed switchboard will consist of bench board 


‘and panels for 9 or 10 units. 
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At each end of the main board is a five-panel board 
for controlling the main connections of the station 
service. This consists of bench board, instrument 
panels, recording meter and relay panels. Beneath 
each bench board and immediately behind each panel 
is a slot through the floor into the room below to permit 
easy installation and tracing of circuits. 


Fig. 22—12-Kyv: .2000-Amrrre Ort Crrcvir BREAKERS 
INSTALLED IN THEIR COMPARTMENTS 


CONTROL PEDESTAL 


On the main floor, near the governor of each unit 
(see Fig. 14) is a “control pedestal.’’ This carries 
necessary hydraulic and electrical meters to enable the 
attendant to keep in touch with operating conditions 
affecting the complete generating unit. It also carries 
a telephone and signal indicators, connected to the 
control room, and a pull button switch by which the 
generator oil circuit breakers and field breakers may be 
tripped in case of emergency. 
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SIGNAL SYSTEM 
For each unit, a dial-type signal system is installed 
between the control bench board and the control pedes- 
tal near the generator, by which instructions can be 
transmitted from the operator in charge to the generator 
attendant. This is supplemented by special telephone 
connections at each pedestal. 


OIL CIRCUIT BREAKERS 


Oil circuit breakers for 12-kv. service (Fig. 22) are 
rated at 15-kv., 3000-ampere continuous capacity. 
These are of two types, but the structural steel supports 
and general dimensions are such that they may be 
readily interchanged. 


Fig. 23—135-Ky. 600-AmprrRE O1L Crrcurr BREAKER 


One type, used principally in units 1 and 2, is sole- 
noid-operated, and has one heavy 36-in. diameter 
steel tank per pole. Each pole has contacts of inverted 
brush type with two breaks in series, which can readily 
be increased to four if necessary. Rupturing capacity 
is obtained by using large amount and head of oil in 
a very strong retainer. This breaker is guaranteed to 
rupture any short-circuit current obtainable with the 
plant connected in combination IV Rc. Insulation 
will withstand 80 kv. for one minute. 

The second type, used principally in units 3, 4 and 5, 
is motor-operated with two grounded tanks per pole. 
The arc is broken in oil in a very strong explosion cham- 
ber surrounding each arcing contact, arranged with 
baffles to shoot a stream of cool oil under pressure across 
the path of the are. The main contacts of the wedge 
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and finger type are in air. This breaker is guaranteed 
to rupture any short-circuit currents obtainable under 
combination IV Rd. Insulation will. withstand a 
55-kv. test for one minute. 

Oil circuit breakers for 110-ky. service are rated at 
135-kv., 600-ampere continuous capacity. They. are 


Fig. 24—12-Ky. Bus INsuLatTor 


of the solenoid-operated type with one tank per pole 
of heavy construction. In each pole there are four 
breaks in series, each break having a special quick 
break feature to increase the rupturing capacity. 
Each breaker is guaranteed to rupture any short-circuit 
current obtainable with combination IV Rc., and will 
withstand a test of 280 kv. for one minute. Bushings 
will withstand 350 kv. for one minute. 

The control circuit voltage for operation of all 
breakers is 250 volts d-c. All breakers have ventilated 
tanks. 

The 12-kyv. circuit breakers are installed in individual 
rooms on two floors between the generator room and the 
transformers, with the main busses occupying an 
intermediate floor. These rooms are ventilated to the 
generator air discharge shaft. The leads from the 
breakers are carried through the wall at the rear through 
porcelain bushings, this giving a minimum of connecting 
material in these rooms. 

The 110-ky. breakers (Fig. 23) are located on one floor 
at elevation 346, the breaker on the direct circuit from 
transformer bank to transmission line being separated 
entirely from all other breakers by walls. The breakers 
for each unit group connecting to the busses are in one 
room which has walls around all floor openings to 
prevent spread of oil. 

Every switch room is drained into the general drain- 
age system, and the doors to the rooms are provided 
with master-keyed locks. A designation symbol -for 
every breaker is in use by which each breaker and its 
position in the connection may be readily identified. 
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.12-Kv. Bus AND CONNECTIONS 


The results of the short-circuit current study showed 
that a strong construction would be required for the 
12-kv. bus and connections from the generator ter- 
minals to the transformer terminals. The combination 
of the 3000-ampere normal current capacity adopted, 
with the mechanical strength required, made this bus 
structure a unique problem. From consideration of 
this, it was decided that-no cable would be used on 
any of these 12-kv. connections. - 

The spacing of the phases finally adopted was 48 
inches for the main bus, breaker and transformer 
connections and 37 inches for the generator leads to 
the bus. These ‘spacings. with a calculated short- 
circuit current having an assymmetrical peak of 170,000 
amperes give maximum forces of 485 lb. per foot for 
48-inch and 630 lb. per foot for 37-inch spacing. 

It was decided that a single-unit bus support to 
resist a force of 10,000 lb. applied at the bus clamp 
should be obtained. This would allow a spacing of 
supports along the bus of about 5 ft. giving a factor 


3000-AMPERE, 
Vout, WITH OpERATING MecHANISM 


Fig. 25—DiscoNNecTING SWITCHEs, 12,000- 


of safety of 3 on the support under maximum load 
conditions. A single-unit porcelain bus support of 
smooth surface, with cast iron hardware cemented on, 
and having an ultimate strength of 10,000 Ib. in canti- 
lever (applied at the center of the bus) and an 80,000- 
volt, 25-cycle, flash-over, was finally obtained (Fig. 24). 
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The smooth porcelain was adopted with. the intention 
of obtaining every advantage possible in the strength 
of the porcelain unit and making the cleaning of the 
units easier. 


The bus copper adopted was three bars, 4inchesby 14: 


inch; laid flat on the insulator cap. It was decided to 


mount the bus supports directly on the floors and walls. 


and by the wide spacing of phases dispense with the 
usual barriers. This arrangement puts the copper into 
the plane of force in the position of its greatest strength. 
Tests in the laboratory showed that there is a real dan- 
ger in using such a spacing of bus supports along the 
bus that the stresses set’ up by 25-cycle currents will 
coincide with the natural period of vibration of the 
length of copper, thus producing a case of mechanical 
resonance. On account of the low strength of copper, 
it is not. possible to space the bus supports at the maxi- 
mum distance considering the short-circuit forces above. 
The sagging of the copper due to its own weight isa 
limiting factor in the arrangement adopted. 


13-Ky., 600-AmMPERE 


Fic. 26—DiIsconNectTine SwitcH, 


Disconnecting switches of 3000-ampere capacity 
(Fig. 25) are provided on each side of every oil circuit 
breaker and are located in separate rooms behind the 
breakers. They are arranged to be operated in sets of 
three by a hand-operated mechanism with hand wheel 
outside of the room in which the disconnecting switches 
are mounted. These mechanisms are locked in the 
open or closed position by individual Yale locks with 
master keys for the station. The blades of the switches 
are locked in the closed position by the operating 
mechanism. 

Pilot lamps mounted beside the hand-operating 
mechanism indicate the position of the switches and 
whether the oil circuit breakers are open or closed. 
This system was chosen in preference to the added 
complication of a mechanical or electrical interlock 
between the circuit breakers and the disconnecting 
switches. 

Motor-operated disconnecting switches were con- 
sidered but it was decided that the advantages would 
not warrant the extra expense. 

Wherever the copper bars are taken through floors 
and walls, bushings are installed. They consist of a 
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central porcelain tube. mounted in a panel. of ebony 
asbestos. "The flash-over value is 80,000 volts at 25 
cycles. This design gives a very effective and inex- 
pensive bushing. 

It is proposed to have all copper bars covered with 
flame-proof insulation. 


110-Kv. BUS AND CONNECTIONS 


A continuous current-carrying capacity of 600 am- 
peres was adopted for all high-voltage circuits, which 
required the use of one-inch diameter, iron pipe size, 
copper tubing for all 110-kv. connections. As pro- 
vision is made for ultimately increasing the potential 
to 135 kv., a standard 42-inch high, corrugated single- 
piece porcelain post with cemented-on cast iron hard- 
ware was installed. These units have a cantilever 
and torsion strength of 40,000 inch-lb. and have a 
dry flash-over value at 25 cycles of 350 kv. 

600-ampere, 135-kv. disconnecting switches (Fig. 26) 
of double break, center rotating post, operated by 
hand mechanism in gangs of three, were adopted, 
using the same porcelain post as the bus support. 
These posts, complete with hardware, are interchange- 
able with the bus supports. 


RELAY PROTECTION 


The simplicity of the main connections’ in the plant 
and especially the absence of 12-kv. feeders makes it 
possible to use differential relay schemes for protection 
of apparatus and connections. This allows rapid 
automatic removal of defective equipment from service 
with a minimum of disturbance to operation. The 
apparatus and main connections of each unit are 
divided into the following groups: 

Generator, 

Main 12-kv. bus, 

Auxiliary 12-kv. bus (when installed), 

12-kv. connections of transformer, 

Transformer bank, 

110-kv. connections of transformer, 

110-kv. busses. 

Each conductor where it leaves the group carries 
a current transformer These current transformers 
are so connected to relays that if the current in each 
phase leaving the group is not equal to the current 
entering that phase, the relay will carry the difference 
in the currents, or in other words the current to a fault. 
If there is no defect inside the groups, current leaving 
will be equal to current entering and there will be no 
relay action, no matter how heavy the through current. 
To insure correctness of operation, the following 
precautions have been taken: 

1. Current transformers are of special design to 
give correct ratio even with heavy currents. 

2. Impedance in secondary wiring has been kept 
low by short connections. The only equipment con- 
nected is the relays which are in the differential circuit 
and carry fault current only. . 

3. Current transformers are placed outside the oil 
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circuit breakers which would isolate any group so that 
a defective breaker would be cleared on both sides. 

All differential relays are of the instantaneous over- 
load plunger type except for transformer differential 
which are inverse time overload induction type. Gen- 
erator differential relays have also a hand reset feature 
to increase the certainty of operation. 

Each differential group of relays is arranged with 
multiple contact relays to trip the necessary circuit 
breakers to isolate the defective equipment. In case 
of the generator differential, the field circuit breakers 
are also tripped. 

In addition to the differential relay groups the follow- 
ing relays have been installed (Fig. 16): 

1. A relay in the ground connection of each unit to 
give an alarm in case of ground current. No switches 
are tripped. 

2. A directional relay on each generator, of the 
three-element induction wattmeter type restrained by a 
spring. The principal function of this is to check 
careless synchronizing. It trips out the generator oil 
breakers. 

3 A ground relay on the 12-kv. connections close 
to the transformer bank on each unit. It protects 
this section of the wiring including the transformers 
12-kv. bushings which are not included in any of the 
differential groups. This is an inverse time overload 
induction type relay. 

4, A-set of inverse time overload relays of the induc- 
tion type on each outgoing line. This consists of one 
relay for each phase and one for grounds. 

5. A set of inverse time overload relays in the main 
12-kv. bus between units to separate them in case 
the units drop out of step with each other. 

An annunciator is provided with each unit which 
indicates by a drop and an alarm bell which relay 
was operated. 

Several operations of portions of the relay equip- 
ments have shown that they function as intended. 

All current transformers on the main circuits are 
of the bushing type, those for 12-kv. circuits having 
the core and secondary winding mounted on high- 
grade condenser bushings placed over the three 4-inch 
by 14-inch copper bars. This particular design permits 
several secondary windings to be mounted on the same 
bushing. 

The 12-kv. potential transformers are of strong 
construction with an especially high insulation test 
and are connected through protecting resistors, fuses, 
and disconnecting switches to the main circuits, the 
disconnecting switches being in a separate room from 
the fuses. 

REACTORS 


Reactors are installed only between 12-kv. main 
bus sections, 2.¢., between generators. They are of 
the cast in conerete type with the conductors and the 
concrete impregnated with varnish. The continuous 
current-carrying capacity is 2380 amperes with a tem- 


GABY: QUEENSTON-CHIPPEWA DEVELOPMENT 


Transactions A. I. E. E. 


perature rise not exceeding 80 deg. cent. above 40 deg. 
cent. ambient temperature. They will safely carry 
short-circuit current for 12 seconds. The rating is 
12,000 volts, 25 cycles, single-phase 5 per cent react- 
ance based on 2165 amperes, the normal rated current 
of one 45,000-kv-a. generator. Protective resistors 
are mounted within the reactor and connected to its 
terminals. 

These reactors are located on the generator floor on 
elevation 284, below the 12 kv. oil circuit breaker rooms. 


SERVICE APPARATUS 


All services except oil switch control and signal 
lamps are 25-cycle operated. Power is obtained from 
two turbine-driven three-phase service generators 
each rated at 2200 kv-a., 2300 volts, 25 cycles, 500 rev. 
per min. In addition, power for service is available 
from a 12-kv. line from the Ontario Power Company. 

These service turbines are rated at 2800 h. p. each 
at 500 rev. per min. under 305 feet head. On these 
units, the governors, governor pumps, etc., are entirely 
independent of the main governor system. Oil is used 
as a medium in these governors, and is supplied by two 
gear pumps with motors mounted on the same base as 
the pressure tank. 

In general, all motors of 25 h. p. or larger are operated 
at 2200 volts, whereas smaller three-phase motors are 
550 volts. 

Generator air exhaust fans, pumps, compressors, 
shop equipment are electrically operated. 

Direct current for operating oil circuit breakers, 
rheostats and other small motor-driven devices is at 
230 volts and is obtained from a 15-kw. motor-generator 
set. The induction motors are supplied from a 550- 
volt service feeder. The generator floats on a 280-cell, 
154-ampere hour lead storage battery. The generator 
and pattery equipment is in duplicate, so that one gener- 
ator and battery unit can float on the load at approxi- 
mately constant voltage while the other battery is 
being charged. A middle tap is brought from each 
battery for connection to emergency lighting circuits. 

Switchboard indicating and signal lights are supplied 
from 32-volt d-c. circuits to enable tungsten lamps 
to be used. Power is obtained from a 4.5-kw., 32-volt 
generator driven by a d-c. motor from the 2380-volt 
battery, and floating on a 16-cell, 23-ampere-hour 
lead battery. This unit is in duplicate with one 
motor-generator and one battery for each 230-volt 
battery. Better economy is expected from these 
lamps than from the standard higher-voltage ones. 


Arrangement of Service Apparatus. The service 
electrical circuits are shown in Fig. 27. The principal 
distributing center called ‘‘Section A”’ is located near 
the service generators. The two service generators, 
the incoming feeder from the Ontario Power Company 
which has been stepped down through a 1500-kv-a., 
three-phase, 12,000 to 2300-volt transformer, and all 
service feeders are connected to-a main 2300-volt bus 
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through cell-mounted oil circuit breakers. The genera- 
tor, incoming feeder and main bus breakers are elec- 
trically operated from the main control room. The 
service feeder breakers are hand-operated. A 2300- 
volt transfer bus is provided for emergency operation. 
Power for 550-volt services is obtained from the 2300- 
volt system through three 300-kv-a. 2300 to 550-volt 
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transformers to a main and a transfer 550-volt bus. 
All 550-volt oil circuit breakers are hand-operated and 
mounted on pipe framework. Section “B” center is 
located near unit No. 4. It is supplied by two feeders 
from the 2300-volt bus in Section A. These will 
eventually be continued to Section C station at the 
north end of the completed plant, which will be similar 
to Section A. Section B contains transformers for local 
services and is a switching center for 2300-volt feeders. 
The fans and governor pump feeders are arranged as 


Fig. 28—D1acramM or LUBRICATING O1L SysTEM 


“ring’’ feeders between Sections A and B so that each 
has two sources of power. The auxiliary exciter sets 
are on a ring feeder from Section A to Section C. The 
generator bearing oil pumps and the governor pressure 
air compressor have each 550-volt feeders from Sections 
A and B. The service generators are protected by 
differential relays and by inverse overload induction- 
type relays, the latter type being used also for protec- 
tion of the feeders. 
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The lubricating oil piping diagram for the main and 
service generators is shown in Fig. 28. This consists 
of a central plant of purifying and pumping apparatus 
with pressure and return headers all in duplicate. Each 
half of the system is of sufficient capacity for five units. 
Oil is distributed to the generators by pump pressure 
and the return oil passes into a settling tank. Any 
water or sediment settles to the bottom of the tank and 
passes out to a centrifugal purifier and the purified oil 
is returned to the system. Each generator requires 
about ten Imperial gallons per minute of oil. In 
addition to the duplicate oil pumping equipment, the 
system is provided with a storage of oil under air pres- 
sure suitable for operating the plant for one hour. 

The transformer oil system is shown diagrammatic- 
ally in Fig. 29. Tanks of sufficient capacity to hold all 
the oil from one bank of transformers are provided 
and are connected to a “good oil” and a “bad oil” 
header, which in turn connects with the five banks of 
transformers. The valves for the storage and purify- 
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Fia. 29—DraGgraM oF TRANSFORMER OIL HANDLING SYSTEM 


ing equipment are symmetrically arranged and located 
so that all operations may be performed from one point. 
The valve arrangement allows the pump and filter 
press or purifier to be connected with any tank and 
either header, meanwhile the operator can see at a 
glance just what connection he is making. 

The switch oil apparatus follows the same layout as 
the transformer oil system, though on a smaller scale. 
There is no piping connection between the transformer 
and switch oil systems. 

Water for cooling purposes for the transformers and 
for the generator bearings is obtained from a header 
connected through valves to the main penstocks, thus 
eliminating pumping equipment. This header, located 
in west piping tunnel at elevation 267, is sectionalized 
by valves between penstocks. Duplicate feeders to 
each generator and bank of transformers are installed. 
The house service supply and fire hydrant supply are 
also obtained from the main header, which also fur- 
nishes water through the filters to the turbine bearings. 
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110-Kv. OUTGOING CIRCUITS 


The 110-kv. circuit on each unit is brought out of the 
building through pent houses on the roof by means of 
compound-filled porcelain bushings. Oxide-film light- 
ning arresters are installed indoors on elevation 375 on 
each unit. 

The single-circuit transmission line for each unit is 
of 45,000-kv-a. capacity, using steel-cored aluminum 
cable. The connections of 605,000-cir. mil. cable from 
bushings to the transmission line are carried on sus- 
pension-type insulators, from the tower structure on 
the roof to special towers on the edge of the roadway at 
the top of the cliff in front of the screen house, thence 
to a tower structure on the roof of the screen house, 
from which the circuits spread out to the standard 
transmission terminal towers. Two circuits connect 
to existing transmission lines at Niagara Falls, and 
additional new circuits under construction extend west- 
wards to connect to more distant existing stations on the 
110-kv. system. 


LIGHTING 


The lighting of the ultimate plant will be fed from 
three separate 225-kv-a. banks of 2200/220/110-volt 
transformers; two banks being installed at present. 
These banks will feed their respective sections of the 
building and the distributing boxes are so arranged 
that in case of failure of any one section, jumpers may 
be temporarily and quickly installed from adjacent 
sections. In general, the lighting has been laid out so 
that all high and low-voltage bus and apparatus, 
piping, etc., are fully illuminated without undue glare. 
An automatic transfer switch is installed so that cer- 
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tain circuits may be connected to the 230-volt control 
battery in case of failure of the a-c. supply. 

All feeders from the switchboards are composed of 
single-conductor rubber-covered double-braided cables. 
Small wiring from panel boards is of standard rubber- 
covered double-braided conductor except: that in 
places where excessive moisture is encountered 30 
per cent para rubber is used. Rigid galvanized con- 
duit is used throughout and where exposed to moisture 
shims are used to support the conduit clear of the walls 
and ceilings. 


TELEPHONE SYSTEMS 


An automatic telephone system is to be installed 
so that communication may be held between the 
operators throughout the plant with a code system for 
emergency conditions. This system will be so designed 
that it may be connected to the private telephone 
system of the Commission. Arrangements are being 
made to install, as a standby for system operation, 
a wired wireless set. 

The engineering and construction work on this 
development have been carried out under the direction 
of the commission’s staff with Mr. H. G. Acres as chief 
hydraulic engineer, and Mr. E. T. J. Brandon as chief 
electrical engineer. 

The. author wishes. to put on-record his appreciation 
of the loyalty and devotion of the entire engineering 
and construction staffs of the Commission in carrying 
through the work on this development. 


Discussion 
For discussion of this paper see p. 507. 
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Review of the Subject.—Notwithstanding the very large rated 
capacity of the 46,000-kv-a. generators for the Queenston power 
house of the Hydro-Electric Power Commission of Ontario, their 
essential construction features are not different from those of much 
smaller rated generators. The generators are of the vertical shaft 
type with two guide bearings, and a thrust bearing. The thrust 
bearing is located above the stator and carries the weight of the 
complete rotating elements of the generator and water turbine. 
Each generator is.provided with a direct-connected exciter. 

The flywheel effect required for satisfactory speed regulation of 
the turbines necessitated the use of auxiliary flywheels mounted on 
the shaft adjacent to the generator rotor. The rotor is constructed 
with a number of cast steel wheels which together form the rotor 
spider for carrying the pole pieces. The pole pieces are made of 
‘punchings and are attached to the rotor with three dovetails per 
‘pole. The coils are made of copper strip wound on edge. - 
| The stator frame is split vertically into three sections to‘conform 
‘with foundry and shipping limitations but the-core is built up with- 
out being’ split.-The stator windings consist. of form-wound, 
diamond-shaped coils, each slot containing two coil sides. The 


HE purpose of this paper is to describe briefly a 
few of the construction features of the 45,000- 
ky-a. generators manufactured by the Canadian 

General Electric Company for the Queenston power house 
of the Hydro-Electric Power Commission of Ontario. 
Because of the fact that the rated capacity of these 
generators is greater than that of any generators’ ever 
before constructed, there is a tendency to create an 
impression that «their construction would involve 
radical changes from the more or less. familiar types 
of much smaller generators, but aside from. one or two 
requirements peculiar to this installation, the problems 
presented in the design of these generators involved 
no great difficulties or departure from what. has been 
considered standard construction. In fact if our power 
station engineers should find that larger generators 
could be used advantageously it is possible to. build 
generators having capacities of 60,000 or 75,000 kv-a. 
at moderate speed without departing from. ordinary 
methods of construction, or meeting with excessive 
costs per kv-a. 


GENERAL DESCRIPTION 


These generators are of the vertical’shaft type with 
revolving fields and stationary armatures. They have 
two guide bearings and a thrust bearing. A substan- 
tial base ring supports the stator frame and carries the 
spider bracket for the lower guide bearing. The 
thrust bearing is supported by a deck or spider span- 
ning the top of the stator frame and carries the rotating 
parts of the generator and turbine. There is a 
direct-connected exciter mounted at the top of the 
generator. A general view of the complete unit is 
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coils are made of stranded conductor and are insulated with mica 
tape, which affords more or less flexible insulation. The ends of 
the coils are braced against the distorting effect of severe short cir- 
cuits in such a manner as to permit expansion and contraction 
of the copper without injury to the mica insulation. The armature 
phase connections are made with bus rings swpported from. the 
stator frame, making all connections accessible. 
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shown in Fig. 1. The generators are designed to 
deliver three-phase, 25-cycle current at 12,000 volts, 
and rotate at a speed of 18714 revolutions per minute. 
The full-load rating is 45,000 kv-a. at 80 per cent power 


Fie. 1—GrneraAL View or THE ASSEMBLED UNIT 


factor, with a temperature rise not exceeding 65 deg. 
cent..as observed by detectors imbedded in the slots 
‘of the stator core or by resistance measurements of the 
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stator or rotor windings. The full-load efficiency in- 
cluding all mechanical and electrical losses is guaran- 
teed to be not less than 9734 per cent at 100 per cent 
power factor. The exciters are rated 150 kw. at 250 
volts. 

STATOR FRAME, CORE AND WINDINGS 


The stator frame is divided into three sections verti- 
cally, in order to keep the weight within the foundry 
capacity and provide sections of a size and weight that 
could be easily handled in the shop and in transportation. 
These castings are probably the largest in size and 
weight ever used for generator construction, the frame 
being 241 ft. in diameter by 10 ft high, and weighing, 
complete, approximately 90 tons. In building the 
core of such a large generator it is desirable to avoid 
joints that divide the core into sections because loose- 
ness and vibration of the laminations are liable to 
develop due to the unequal expansion of the frame and 
core, and the difficulty in arranging clamps capable 
of exerting sufficient pressure. Therefore it was de- 
cided to build up the core in the power station thus 


Fic. 2—ARRANGEMENT OF Stator Cor, CONNECTIONS AND 
Com Bracina Rines 

. Phase bus rings. 

. Pole connections. 

. Group connections. 

Terminal leads. 

Bracing rings. 

Stator coil. 

. Clamping flange of core. 

. Clamping fingers. 

. Punchings or core. 

. Removable shims to allow taking up settling of core. 


SE MNOuRwnre 


_ 


obtaining a continuous ring. The slots in the stator 
core are unusually large for a waterwheel type generator, 
being as large as those commonly used in the large 
high-voltage turbo-generators. The stator winding is 
of the common “Barrel” type with two coil sides per 
slot. Each turn of the coils is insulated with mica 
tape applied by hand after the coil has been formed. 
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The coil insulation consists of mica tape put on by hand 
with a special compound sticker between layers. 
This process results in a uniform insulation on the 
full length of the coil and when slightly heated a suffi- 
cient flexibility is obtained to permit the removal and 
assembly of coils without great danger of damage to the 


Fig. 3—TueE Rotor 


insulation. The semi-plastic condition of the insu- 
lation also permits the expansion and contraction of 
the copper, due to changes in temperature, with a 
minimum disintegrating effect on the mica in the insu- 
lation. 


STATOR COIL SUPPORTS 


The ‘projecting ends of the coils at both the top 
and bottom are braced against one another by small 
wooden spacers, placed between the sides of the coils, 
and the whole winding is supported at each end, 
against the distorting effect of short circuits by two 
complete steel rings which are supported from the frame 
by suitable iron brackets. ‘The windings are bound 
securely to the supportingrings with treatedcord. This 
method of binding permits of a certain amount of flex- 
ibility that is desirable to allow for the expansion and 
contraction of the coils due to changes in temperature. 
The bracing rings are covered with insulating material 
not only for insulating purposes but to act as a cushion 
for the coils to rest against, and to take the sharp blows 
resulting from severe short circuits without cutting 
the coil insulation. 


POTENTIAL WAVE 


The stator coils are chorded to take advantage of 
fractional pitch properties in obtaining a voltage wave 
form as near as possible to the ideal sine wave, and to 
eliminate the objectionable harmonics. 


ARMATURE CONDUCTOR 


The section of copper necessary to carry the current 
in the stator windings being too large to use a single 
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strand, the conductor was subdivided into a number of 
strands of small section to facilitate the forming of 
the conductor in the coils and also to reduce largely 
the eddy current losses in the copper. The phase 
connections of the stator winding have been taken care 
of in a rather unusual manner by the use of a bus ring 
arrangement supported from the inside of the stator 
frame. ‘The connections between these bus rings and 
the windings are made with flexible connections which 
can be disconnected. This arrangement allows free 
access to all the connections for cleaning and inspec- 
tion, and permits the removal of damaged coils without 
disturbing the connections. 


VENTILATION 


Air for cooling the generator is admitted to the pit 
beneath it, through ducts from outside the station, or 
from the generator room, and is drawn into the machine 


Fig. 4—Stator Coin 


by the blower action of the rotor. The air is expelled 
through the openings in the stator frame into a cham- 
ber surrounding the generator, and is then exhausted 
by a fan through a ventilating shaft through the roof, 
or to the different parts of the power house as desired. 
Because of the large volume of air required (about 
120,000 cu. ft. per minute) it was necessary to give 
special consideration to the ventilation in the con- 
struction of the generatorand powerhouse. ‘The unique 
provisions in the design of the power house for the 
generator ventilation are described in another paper 
being presented at this meeting. 


FLYWHEEL EFFECT 


To meet the requirements of the hydraulic equip- 
ment in regard to speed regulation under conditions 
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Fig. 5—Compi5ete ASSEMBLY SECTION oF UNIT 

. Exciter. 15. Rotor spider section. 

Collector rings. 16. Pole piece. 
. Exciter platform, 17. Stator core. 

Thrust collar. 18. Base ring. 

Spring thrust bearing. 19, Fans. 
. Water cooling coils. 20. Pedestal for supporting rotor, 
. Thrust bearing platform. 21. Lower guide bearing. 
. Upper guide bearing. 22. Lower bearing bracket. 
. Upper bearing bracket. 23. Lower guide bearing housing. 
. Cover plate and manhole, 24. Lower oil drip pan. 
. Air baffle ring. 25. Shaft. 
. Upper oil drip pan. 26. Coupling bolt guard. 
. Collector leads. 27. Stator frame. 
. Flywheel section. 
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of sudden changes in load, the rotor was required to 
have a much larger flywheel effect than would have 
been obtained if the rotor were designed with reference 
only to the strength required. A limited amount of 
this flywheel effect was available in the pole pieces 
with their coils, and the balance had to be obtained 
principally in the rim of the rotor spider. It was 
found that, if the axial length of the rotor spider rim 
were limited to the length of the pole pieces the radial 
thickness of the rim would be so great that the air 
passages between the rim and the hub would be re- 
stricted too much to allow sufficient air to reach the 
upper ends of the rotor and stator coils. Therefore 
the unusual arrangement was adopted of providing 
two independent spiders or flywheels mounted on the 
shaft, one at each end of the rotor spider proper. 
These flywheels are of the same diameter as the rotor 
spider in order to allow for the assembly of the pole 
pieces. Therotorspider is sectionalized into five wheels 
so that the complete rotor with the flywheels consists 


Fic. 6—Uprrr Guiprt BrariIne 


of seven separate wheels which are mounted on the 
shaft, one above the other. The hubs of these wheels 
are slightly wider than the rims so that openings are left 
between the rims to allow air to pass through to the 
spaces between the pole pieces. The ventilation is 
further assisted by curved fan blades attached to each 
end of the rotor and the recirculation of the air is pre- 
vented by baffle plates and covers around the ends of 
the stator windings. 


FIELD COILS 


The field coils are probably the largest ever made. 
Each coil is wound from a continuous strip of copper 
1100 feet in length and weighing 2600 pounds. This 
strip is wound on edge in the usual manner and the 
adjacent turns are insulated from each other with as- 
bestos and mica. The insulation between the coil and 
the pole core is of mica sheets while the insulating 
collars are of asbestos board so that the coils can be 
subjected to considerable heat without injury. This 
fire-proof insulation was not thought necessary. be- 
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cause of an-excessive temperature rise in normal service, 
but to prevent injury to the coils by a fire in the gener- 
ator resulting from a failure-in the stator winding. 


POLES 


The pole pieces are of the usual construction. having 
lyinch punchings riveted together between heavy 
cast. steel end plates. Each pole has three parallel 
T-shaped dovetails which are designed to withstand the 
stresses due to double normal speed; without exceeding 
half the elastic limit of the material. Each pole with 
its coil weighs five tons-and the peripheral velocity 
of the pole face at normal speed is over two miles per 
minute. The flywheel effect of the complete rotor is 
equivalent to 21,000,000 pounds at one foot radius, 
Thé shaft which is 30 inches in diameter in the bearings, 
has a solid forged coupling. In order to insure ample 
stiffness of the shaft, the critical speed with the rotor 
and shaft in a horizontal position was kept well above 
the run-way speed of the water-wheel. The upper 
end of the shaft has a groove machined in it to receive 
asplit ring for transmitting the weight of the rotating 
parts to the thrust collar and spring thrust bearing. 


BEARINGS 


The guide bearings are of the usual General Electric 
construction for this type of large generator. They 
are provided with a number of small grooves for lubri- 
cating purposes. 

The thrust bearing is of the spring supported type 
and is designed to carry a total load of 500 tons. 
Briefly, the distinctive feature of this type of bearing 
is that the stationary part ‘consists of a relatively thin 
steel plate with a babbitted bearing surface which is 
supported by a large number of coil springs. The slight 
flexibility of the plate in conjunction with the spring 
support permits the plate to conform with any slight 
irregularity either in the supporting structure or the 
shaft and thrust collar without causing local unit 
pressures large enough to prevent the maintenance of a 
film of oil between the bearing surfaces. The thrust 
bearing operates in a bath of oil which is renewed at a 
comparatively low rate with clean oil from the station 
oil system. The heat generated in the bearing is 
taken up directly by the oil as it passes through and 
around the bearing plates and is then removed from 
the oil by water cooling coils immersed in the oil bath. 


BEARING BRACKETS 


The upper bearing bracket or bridge-tree for sup- 
porting the thrust bearing-and exciter, has eight arms 
and is of cast steel: Because of shipping limitations it 
is split into halves which are joined together with 
fitted bolts. The complete bracket was tested at the 
factory with a load of 1000 tons by means of hydraulic 
jacks. This test load is double the normal operating 
load and gave assurance that the castings: were sound. 
Cast steel was-used for these brackets not only because.- 
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of its Seats seeeneth Bat also to limit the dafisetion 
to a value that would not interfere with the adjust- 
ment of the bearings or other parts of the generator 
and turbine. The calculated deflection of 47 mils 
was reasonably consistent with the observed value of 
35 mils. ‘The castings were slightly thicker than the 
drawing dimensions which fact probably accounts for 
the difference between the two values. 

The openings between the arms are closed with sheet 
steel covers. Manholes of generous dimensions in these 
covers permit ready access to the upper part of the 
rotor and stator for-cleaning and inspection. 


In view of the fact that this power development is 
public enterprise and therefore will be open to public 
inspection, much attention has been paid to the design 
of the thrust bearing bracket, exciter and platforms, 
and railing, to obtain graceful proportions, and at the 
same time present’ an impression of strength and mas- 
siveness in keeping with the great power capacity of 
the generator and station. Two platforms are provided 
the lower one for inspection of the thrust bearing and the 
upper one for the inspection of the exciter and collector 
rings. The exciter armature is mounted on a short 
shaft with a forged coupling which is bolted to the top 
of the generator shaft. The collector ringsare mounted 
on the generator shaft just below the exciter coupling 
and in case the exciter armature is removed for repairs 
it is not necessary to disturb the generator collector 
rings and the generator can be kept in service while 
the exciter armature is being repaired. 


The lower guide bearing bracket is supported on 
the inner projection of the base ring. The opening 
for the guide bearing is large enough to pass the coupling 
on the shaft. The guide bearing shell is made as light 
as is consistent with good construction to facilitate 
removal, and is supported in the bearing bracket -by 
the housing. Both the shell and housing are assembled 
and removed from below the bracket. The arms of 
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this Toa have pads directly earth the rim of the 
rotor spider, four of which are for the air brakes. The 
other four are to be used for lifting jacks for raising and 
supporting the rotor when assembling and dismantling 
the thrust- bearing. The arms are designed so that 
four of them have ample strength to support the weight 
of the rotating parts of the generator and waterwheel. 


DIMENSIONS AND WEIGHTS 


In conclusion the following weights and dimensions 
may assist in formulating a conception of the size 
and proportions of these generators: 


Outside diameter of stator frame,......... 24 ft. 6 in. 
Over-all height from face of mbites to top 
of exciter.. , 33-ft. 10 in. 
Over-all height from pase: rin deen i Pai 28 ft..3-in. 
Weight of stator with core and windings.. 175 tons 
et # DASE Tit Es tetas Neth gets oe BUT AS 
Diameter of shaft in rotor.............. . 82 inches 
< © COMPU St cy ck ry speed ernnens DB ohact 
Lenethnof shattt tinted hoe aktrach. series 30 feet 
Wieight, of shatts05> quae simnardecns : ie 40. tons 
Weight of upper bearing bracket........ HO msl 
“ © Jower i ae eer 12s 
Diameter of thrust bearing............. 69 inches 
Load on thrust Dearing ise rect incn) sae: 500 tons 
Weight of one pole piece with coil....... De” 
“© rotor spider (7 sections)........ 120 
Total weight. Of rotor, tela.) x3 wis ook! Paki 
~ “ — © generator with exciter.... 625 “ 


65 miles of wire used in one set of stator coils. 

450 miles of tape used to insulate one set of stator 
coils. 

110,000 punchings required for stator core. 

3% miles of copper strip used for one set of pole coils. 

4 tons of cooling air required per minute. 


Discussion 
For discussion on this paper see p. 507. 
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The water power development at Queenston, Ontario, which made use of the combined head of Niagara Falls and 
the Niagara River Rapids below the Falls, involved the design andconstruction of, what up to the present time are the 


largest hydroelectric generators built. 


Owing to the size limits met in these generators certain interesting design problems 


were encountered. The more important of these problems dealt with the design of (1) the armature winding, (2) the upper 


bearing bracket and (3) the rotating spider. 
major dimensions and weights of the generators is given. 


HE initial installation at the Queenston De- 
T velopment of the Hydro-Electric Power Commis- 
sion of Ontario consists of two vertical shaft type 
alternating-current generators, each rated at 45,000 
kv-a., 12,000 volts, 80 per cent power factor, three-phase, 
25 cycles, 187% rev. per min. nominal, or 49,500 kv-a., 
13,200 volts maximum. A third duplicate unit will 
shortly follow the first two machines. 

These units, as far as the records show, are the largest 
hydroelectric generators yet built and put into service. 
On account of their size, both in kilovolt-ampere rating 
and in physical proportions some interesting design 
problems were raised. These problems were divided 
into two classes, (1) electrical, and (2) mechanical, 
with perhaps the latter predominating. 


Fig. 1 gives a sectional view of the generator 
unit. Fig. 2 gives a sectional view of the generator 
turbine and surrounding structure and indicates the 
flow of the cooling air through the generator and ducts. 
Each unit consists of the following component parts: 


Stationary armature with base ring. 


Upper bearing bracket, which supports the upper 
guide bearing and the thrust bearing. 


Kingsbury thrust bearing. 
Revolving field. 


Shaft, with one-half coupling forged on the lower end 
for connection to the turbine shaft. 

Lower bearing bracket, which carries the lower guide 
bearing, brakes and lifting jacks. 

Direct-connected exciter. 


DESIGN OF ARMATURE WINDING 


The design of the armature winding involved, in 
addition to the ordinary questions of heating, efficiency, 
etc., the solutions of four important special problems, 
namely, (a) to obtain a distribution of the armature 
coils such as to produce a resultant voltage wave prac- 
tically free from interference with adjacent telephone 
lines, (b) to obtain sufficient cross-section of copper 
in the armature coils to carry successfully the rated 
current, and at the same time not have the conductors 
of such proportions as to result in excessive eddy current 
loss; (c) to insulate the coils with materials that could 
meet the requirements for high dielectric tests and a 
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The solution of these problems is briefly discussed and a tabulation of 


high maximum temperature limit, even though the 
operating temperatures are low; and (d) so to support 
the end windings as to enable them to resist the enor- 
mous stresses that would be set up under short-circuit 
conditions. 

The solutions worked out for these design problems 
were as follows: 

(a) It is a well understood condition in the design 
of electrical generators that starting with the usual 


‘ 


i 
NC 


Fie. 1—Cross Section or GENERATOR 


field flux form, the actual resultant wave will more 
nearly follow the desired law, other factors being the 
same, provided that the conductors, producing the 
resultant wave, are distributed at a maximum number 
of different positions about the armature periphery; 
7. €., iN a maximum number of slots. It was not found 
possible in these units to use an actual number of slots 
sufficiently large to insure the desired results. How- 
ever the same effect was obtained by employing 
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instead of the usual whole number of slots per poJe a 
fractional number of slots per pole. The design 
selected had 191% slots per pole which gave a distri- 
bution of the winding equivalent to 39 slots per pole. 
Fig. 3 indicates the distribution of the slots in two suc- 
cessive poles. One pole is shown directly above the 
other to indicate the relative phase position of the slots. 


Fig. 2—Suowine Frow or Coouine AiR 


Since the slots per phase in successive poles, in series, 
are displaced one-half slot pitch with reference to 
each other, it is apparent that the effect is equivalent 
to double the actual number of slots per pole. 

(b) To minimize the eddy current loss it is necessary 
(1) to keep the over-all dimensions of the conductors 
(groups of wires in parallel) small, and (2) to reduce the 
dimensions, at right angles to the direction of the fluxes, 
of the individual wires that form the conductors, to 
relatively small values. To accomplish these results 
the total copper cross-section per phase was divided 
into four parallel circuits and the conductor in each of 
these circuits was subdivided as shown in the slot 
cross-section, Fig. 4. Each slot contains two coil 
sides consisting of two conductors each, 2. e., four con- 
ductors per slot, made up of nine wires in parallel per 


conductor. Each conductor is divided, depthwise of 
_— — One Pole Pilch et 
Pe [ Phase */ + Phase."2 : + Phase "3 eS 
Fe AS eh dS es en | of) ee ha eee Cees OR ap | 
sanyaet te eet ee tao 


Fia. 3—ARMATURE WINDING DISTRIBUTION 
x Represents a slot 


the slot, into seven layers, in consideration of the effect 
of the flux of self-induction. The two layers nearest 
the air gap were again subdivided into two parts in 
the width of the slot. The coil was also sunk in the core 
an additional distance over that ordinarily required 
for the slot wedge. The latter two features were to 
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minimize the effect of the air gap flux that fringes into 
the slot. 

Each of the wires marked ‘‘A”’ in Fig. 4 was insulated 
throughout its entire length with mica tape to insure 
positive and permanent separation between the various 
strands. 

Since all the wires are continuous throughout the 
length of the coil the subdivision, of course, repeats 
itself in each conductor. 

(c) Each group of wires forming a single conductor 
was insulated with mica tape. The conductors were 
assembled with mica strips between them to form the 
coil. The straight section of the coil which is embedded 
in the armature slot was brushed with bakelite, and 
then pressed in a hot press to solidify and consolidate 
the wires. The result of this treatment is a rigid coil 
in which the wires cannot be disturbed by subsequent 
insulating and assembling operations. 


SSS Ashesios Strip 


Mica strip 


A These strands 
mica taped 


Fie. 4—Secrion or ARMATURE SLOT 


The straight coil sides were insulated with a micarta- 
folium wrapper which consists of mica pasted to a very 
thin paper to give it the necessary mechanical support 
during the insulation process. The wrapper was first 
loosely applied to the coil by hand and then ironed 
into the finished product by electrically heated irons 
that revolve around the coil softening the bond and 
exerting a uniform pressure, thus slipping and tightening 
the wrapper until the insulation takes on the character 
of a compact wall of mica. The ends of the coil pro- 
jecting from the core were insulated with mica tape 
adjacent to the copper and with varnished cloth outside 
of the mica tape. Varnished cloth tape on the out- 
side of the coil is preferable since it can be sealed to 
exclude dirt and oil much better than can mica tape: 
Insulation in the form of narrow tape was used on 
these parts in order that the ends be flexible. 

This insulation was required to meet successfully a 
dielectric test to ground, and between phases, of thirty 
thousand volts for one minute. It was also required 
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that it safely withstand a maximum total-temperature 
of 150 deg. cent. 

(d) The coil ends were bent away from the air gap 
at an angle of about 45 degrees to provide space below 
the boreline for the clamping blocks. The coil ends 
were braced against distortion under short-circuit 
conditions by clamping them with through bolts be- 
tween parallel insulating blocks which are bolted to 
angle-shaped brackets attached to the frame. This 
construction is shown in the cross-section views of the 


Fic. 5—Uprrer Bracket witH THRUST BARING, HxcITER, 


PLATFORM AND STAIRWAY ASSEMBLED 


generator, Figs. 1 and 2. It was required that this brac- 
ing becapable of supporting the coil ends, with the gener- 
ator short-circuited at its terminals under full voltage. 


DESIGN OF UPPER BEARING BRACKET 


It was required that this member support the com- 
bined loads due to the generator rotor, exciter, turbine 
runner, shaft and unbalanced water thrust amounting 
to approximately 1,000,000 pounds. Its design in- 
volved the consideration of three principal requirements, 
namely, (a) the fundamental requirement that it be 
capable of supporting the load within the safe limits 
of the material used; (b) that when fully loaded the 
deflection from the horizontal be less than the clear- 
ances between the turbine and generator rotating and 
stationary parts, and (c) that the character of. the 
material and the design used be such that any vibra- 


tions set up by unbalanced conditions in the turbine. 


would not be taken up by the bracket and transmitted 
to the generator stator. . 


Obviously these matters are so meee that they 
cannot be considered independently and, therefore, 
will not be taken up separately. 

In designing this supporting member consideration 
was given to the use of three materials, structural steel, 
cast steel and cast iron. All factors considered, cast 
iron seemed the one best suited to the purpose. It was 
found in considering steel, either structural or cast, 


that while the requirements of ultimate strength could: 


be readily met, its high degree of flexibility and resilience 


made it necessary to use sections greatly in excess of 
the requirement for strength in order to limit the 
deflection and the possibility of sympathetic vibrations. 
As the sections required with steel to meet the latter 
requirements approximated those needed in cast iron 
for strength, and as cast iron is not.as flexible or resilient 
as steel, the iron was selected. 

As the top surface of the upper bracket forms the 
bottom of the thrust bearing reservoir it is necessary 
that this casting be impervious to oil leakage. It is 
very difficult, if not impossible, to obtain steel castings 
that will entirely meet this requirement whereas there 
is no difficulty in obtaining cast iron that is perfectly 
homogeneous and oil tight. As the matter of oil leakage 
is one of no small importance in the operation of such a 
unit this was also a deciding factor in determining the 
selection of the bracket material. 

This bracket, Fig. 5, in the finished design used 
sections approximately 2 inches thick and a maximum 
height at point of load application of 514 feet. 


DESIGN OF ROTATING SPIDER 


Owing to the physical dimensions of the rotating 
spider the particular problem in the design was to 
select a construction in which the material throughout 
would be of uniform quality. On account of the well- 


Fig. 6—Roratine Parr . 


known difficulties in making castings of such large 
sections and of obtaining uniformly homogeneous 
metal, it was impossible to make the spider of the ordi- 
nary “cast wheel” type. The “laminated rim” type 
of design, Fig. 6, was therefore adopted as the one’ 
best suited to meet the requirements. . 

This design used an inner cast. steel spider. BN 
consists of a hub and arms but has no rim. The rim 
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is built up using over-lapping 1,-in. rolled steel plates 
that are dovetailed to the spider arms in a manner 
similar to that used inattaching the armature punchings 
to the frame. In addition to being attached to the 
spider by the dovetails, the rim is clamped between 
heavy steel end plates by means of through bolts that 
pass through the entire laminated rim and the end 
plates. This design results in a rim structure of per- 
fectly uniform material of known quality, to a degree 
impossible to obtain with castings. In this design 
the rim was not only self supporting as to radial stresses, 
entirely neglecting the dovetails, but was also capable 
of carrying the weight of the poles and field coils when 
operating at a maximum speed of 347 rev. per min. 

The two large vent spaces provided in the central 
part of the spider were to provide additional cooling 
air inlets for this part of the unit. 


OPERATING RESULTS 


With the generators in regular commercial service 
and operating under rated load, the maximum temp- 
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erature rise measured by embedded temperature de- 
tector is 55 deg. cent. 


GENERAL DIMENSIONS AND WEIGHTS 
The principal dimensions and weights of the gener- 
ators are as follows: 
Maximum over-all diameter ....... 25 feet. 
Height from floor line to top of frame 13 ft. 8 inches. 
Maximum over-all height from floor 


IB aL San Jot A aetna Ae 26 ft. 10 inches 
Diameter of shaft at coupling....... 2 ft. 6 inches 
‘Total weight of copper............. 50,000 Ib. 
Weight of rotating part............ 615,000 Ib. 
Total weight of generator unit...... 1,400,000 Ib. 
Load on thrust-pearme. 8" .g .. 1,000,000 lb. 


Flywheel effect of rotor........:... 21,500,000 lb-ft.? 


Discussion 
For discussion on this paper see p. 507. 


Features of Main Power House Transformers for 
Queenston Plant 
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Review of the Subject.—/nterest in the main step-up trans- 
formers for the New Queenston generating station of the Hydro- 
Electric Power Commission of Ontario centers largely about their 
great physical size and the heavy short-circuit currents to be dealt 
with. Physically they are the largest single-phase transformers in 
operation today. In spite of the fact that they are for 25-cycle 
service, to our knowledge even their kv-a. rating is exceeded by only 
one bank of single-phase transformers now in operation, namely, 
the 70,000-kv-a., 60-cycle bank at the Colfax Station of the Duquesne 
Light Company. e 

Figures are given for the weights and dimensions of these trans- 
formers and their component parts as well as the performance cal- 
culated from test results. 

The mechanical forces in 25-cycle transformers are inherently 
high because of the relatively large number of turns necessary to 
develop the voltage, and because of their relatively low impedance to 
the flow of short-circuit currents. As the forces depend upon the 
square of the ampere-turns, it is evident that both the above condi- 
tions contribute materially toward increasing the forces. 

To understand the bracing necessary to withstand the electro- 
magnetic forces developed under short-circuit conditions, it is 
necessary to understand the nature of these forces as well as their 
magnitude. 

The nature and magnitude of the mechanical forces existing 
between current carrying coils are discussed, (1) for a single turn coil 
in space, (2) for two single turn coils arranged concentrically and lying 
in the same plane, (3) for two single turn coils arranged coaxially 
and lying in parallel planes. 

The conclusion is reached that as long as primary and secondary 
cotls are adjacent there is no limit on the shape of the coil from the 
mechanical point of view, as all stressés acting in the plane of the 
coils are neutralized and there is therefore no force of any magnitude 
tending to distort the coils. The conclusions reached when single 
turns are considered hold equally as well for coils or groups of 
coils, so that in considering the forces in a transformer these funda- 
mentals must always be kept in mind. 

Thus by interleaving the primary and secondary coils, it is 
possible to overcome completely any limitations which the mechanical 


and 


M. E. SKINNER 
Member, A. I. E. E. 
Formerly of Westinghouse Electric & Mfg. Co., E. Pittsburgh, Pa. 


forces with other arrangements of coils may dictate and to choose 
a coil shape which adapts itself most readily to the solution of the 
other important problems of the design, namely, insulation and 
ventilation. 

The Queenston transformers. employ the interleaved type of 
construction familiarly known as the shell form, with rectangular 
pancake coils forming the alternating groups of primary and second- 
ary coils. 

The distribution of the mechanical forces in these transformers 
is analyzed in detail. The effects of imperfect distribution of turns 
and of taps are shown to be very undesirable. All of the required 
voltages could have been obtained with considerably fewer leads and 
taps but the reduction in the insulation difficulty through the elimina- 
tion of extra leads would have been accompanied by an increase in 
the mechanical forces due to unbalancing conditions on tap con- 
nections. In these transformers the maximum stress occurs on the 
first under voltage tap and has a value equal to 136 per cent of the 
maximum stress with the full winding. 

Having analyzed the various types of forces to be met with in the 
design of transformers of this type of construction, it will be interest- 
ing to examine the mechanical supports which have been provided 
in these units. 

The proper ventilation and insulation of a transformer is equally 
as important as the adequate mechanical support of the winding. 
The system of bracing used in these transformers is particularly 
interesting, in that, in spite of the substantial construction used, the 
other vital factors of ventilation and insulation have not been 
impaired in the least. 


CONTENTS 
Review of the Subject. (400 w.) 
Introduction. (335 w.) 
Physical Dimensions and Weights. 
Rating and Performance. (270 w.) 
Importance of Mechanical Problem. (330 w.) 
Nature of Forces in Transformer Coils. (855 w.) 
Distribution of Forces in Queenston Transformers. 
Effect of Taps. (200 w.) 
Force on Individual Conductors or Coils. 
Effect of Displaced Electromagnetic Centers. 
Method of Bracing Employed. (710 w.) 


(510 w.) 


(550 w.) 


(520 w.) 
(330 w.) 


INTRODUCTION 

N the years 1909 and 1910 there were designed, built, 
and installed at the Niagara Falls substation of the 
Hydro-Electric Power Commission of Ontario, the 
first nine 3000-kv-a. water-cooled transformers, to raise 
the three-phase power from 12,000 volts to a nominal 
transmission line potential of 110,000 volts. The data 
available at that time for designing, building and oper- 

ating 110,000-volt apparatus were rather meager. 

Six years later, in 1916, there were installed in this 
same substation the first three 7500-kv-a. transformers 
having the same characteristics. Six years of experi- 
ence with the original units on the Hydro-Electric 
Power Commission’s system with many data from other 
sources, made the problem of designing and building 
the 7500-kv-a. units relatively a much simpler one. 
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Interest in the main step-up transformers for the 
new Queenston generating station of the Hydro-Elec- 
tric Power Commission of Ontario centers largely about 
their great physical size and the heavy short-circuit 
currents to be dealt with. Physically they are the larg- 
est single-phase transformers in operation today. In 
spite of the fact that they are for 25-cycle service, to 
our knowledge, even their kv-a. rating is exceeded by 
only one bank of single-phase transformers now in oper- 
ation, namely, the 70,000-kv-a., 60-cycle bank at the 
Colfax station of the Duquesne Light Company. 

The design of transformers of such great capacity 
requires the solution of many difficult mechanical prob- 
lems. This phase of the design is particularly difficult 
when the transformers must be made self-protecting 
against the short-circuit stresses incident to a 25-cycle 
system of the magnitude contemplated for this develop- 
ment. Planned for an ultimate capacity of some 
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fifteen 45,000-kv-a. generators, the Queenston station 
will be among the largest ever projected. 


PHYSICAL DIMENSIONS AND WEIGHTS 


A few statistics as to the physical size of these units 
might be of interest. They have a nominal rating of 
15,000-kv-a. output at 80 per cent power factor de- 
livered at 68,500 volts with 12,000 volts impressed. 
To compensate for the drop through the transformers 


Fig. 1 


under the above load condition, the open-circuit volt- 
age is 67,200 volts. They have a maximum rating 
of 16,500 kv-a. under the same conditions of loading 
as given above with a guarantee of 55 deg. cent. rise in 
temperature as measured by change in resistance. 

They are operated in banks of three, delta-connected 
on the low-voltage side, star-connected on the high- 
voltage side, to step up the generated power from a 
nominal voltage of 12,000 volts to transmission line 
potential. Taps are provided on the high-voltage 
windings so that the line potential may be varied 
between 110,000 to 132,000 volts. 

The windings contain over 11,000 pounds of copper 
and the magnetic core contains over 60,000 pounds of 
punchings. The bare transformer weighs 99,000 
pounds. The case, cover, base and various accessories 
weigh 46,500 pounds. Complete, with oil, the unit 
weighs 205,500 pounds. 

Owing to the large dimensions and the great weights 
of the parts, especially cores and tanks (see Figs. 1 and 
18), methods of handling at the manufacturer’s plant 


and at the site of the power house as well as transporta-.- 


tion facilities had to be considered in laying out the 
design. 
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The case is a cylindrical boiler plate ‘shell, 9 ft. 6 in. 
outside diameter, and stands 21 feet from the rail to 
the flange at the top. The height from the rail to the 
top of the high-voltage terminal is slightly over 28 feet. 
The great height of the transformer is partly on account 
of the crowned cover and bottom which were necessary 
to meet the requirement of 150 Ib. per sq. in. pressure, 
or 24 inches of vacuum, test on the tank. The bare 
tank with cover weighs 28,000 pounds. The tanks 
were delivered complete on the power house site. 

The heaviest pieces are the transformer cores (Fig. 
18). Ready for shipment they measure 7 ft. 2 in. by 7 
ft. 4 in. floor space by 12 ft. 4 in. from- floor line to top 
of insulating washers. Each core was shipped complete 
as shown in Fig. 18, except that the terminal supports 
were removed. The windings and insulation having 
been thoroughly dried and treated, the cores were sealed 
in oil in a special shipping tank. The shipping tank, 
oil and core weighed 142,000 pounds. At the manu- 
facturer’s plant and at Queenston the cores were 
handled with special lifting rigs by overhead cranes. 

At Queenston the transformer cores were transferred 
directly to the main tanks, and flooded with oil. This 
procedure obviated the necessity of any drying and 
treating of the windings or insulation after installation, 
furthermore it greatly reduced the time required to put 
the units into actual service. 


RATING AND PERFORMANCE 


The Hydro-Electric Power Commission of Ontario 
required these transformers to be rated to develop 
63,500 volts when delivering 15,000 kv-a. at 80 per 
cent power factor, with 12,000 volts applied to the low- 
voltage terminals at 25 cycles, and further that they 


KVA x/000 


Fig. 2.—HFFIcIeENcy CURVES 


would operate successfully with as high as 13,200 volts 
applied without excessive no-load current and losses. 

With the above rating the transformers have a 
regulation of 5.85 per cent. This gives current rating 
of the windings as follows: 236 amperes for the high 
voltage, 1320 amperes for the low voltage. All tests to 
determine the performance of these units were made 
with above current values. 

Complete tests to determine the no-load and full- 
load losses, also temperature runs with full-load cur- 
rent and voltage in the windings by the opposition 
method, have been made at works of the Canadian 
Westinghouse Company, Limited. - All temperatures 


502 


of windings were determined by the increase in resist- 
ance method. The results obtained from temperature 
runs indicate that with full kv-a. output under normal 
voltage and frequency with 45 imperial gallons (54 
U. S.) of water per minute through the cooling coils, 
the temperature of the windings will not exceed 68.5 
deg. cent. or a temperature rise of 43.5 deg. cent. 
above ingoing water at 25 deg. cent. 


Fie. 3 


Fig. 2 indicates the efficiency of these transformers 
at 100 per cent and 80 per cent power factor, calculated 
from the measured no-load iron losses and full-load 
wattmeter copper losses at 75 deg. cent. 


IMPORTANCE OF MECHANICAL PROBLEM 


The mechanical forces in 25-cycle transformers are 
inherently high because of the relatively large number of 
turns necessary to develop the voltage, and because of 
their relatively low impedance to the flow of short- 
circuit currents. As the forces depend upon the square 
of the ampere-turns, it is evident that both the above 
conditions contribute materially toward increasing the 
forces. Frequently the conditions under which a trans- 
former operates are such that external impedance con- 
siderably reduces the magnitude of the short-circuit 
currents which can flow through the transformer. 
On small systems advantage can frequently be taken 
of this external impedance to make the transformer good 
for the conditions under which it has to operate without 
making it capable of sustaining a short circuit with full 
voltage maintained. The usual interpretation of the 
phrase “‘self-protecting”’ is to consider the worst case 
possible, namely with full voltage maintained. 


On large systems only very slight advantage can be 
taken of external impedance owing to the great con- 
centration of power. With ‘systems of the capacity 
of the Niagara system, a further complication arises 
from the limitation in the amount of current which can 
safely be interrupted by the circuit breakers. 

Frequently it will be found advisable so to group the 
machines and busses as to limit the amount of current 
which can flow into a fault to an amount which will be 


-the entering leads. 


tional manner. 
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within the breaker capacity.. This was the case in the 
layout of the Queenston station so that some slight 
advantage could be taken of the fact that generators and 
their respective transformers will never operate in paral- 
lel without reactors between the units. The greater 
the capacity of the individual transformer banks on a 
system in proportion to the total generating capacity, 
the greater becomes the difficulty of making them fully 
self-protecting and the less becomes the necessity for 
their being made so. 


NATURE OF FORCES IN TRANSFORMER COILS 


To understand the bracing necessary to withstand 
the electromagnetic forces developed under short- 
circuit conditions, it is necessary to understand the 
nature of these forces as well as their magnitude. 
Consider first a single circular turn of wire carrying 
current. If the leads enter the turn along a radius their 
effect may be neglected and the forces on this turn are 
due only to the reaction between the various elements 
of the turn upon one another; thus as illustrated in 
Fig. 3, the forces acting are all radially outward from 
the center of the coil and are equally distributed around 
the circumference of the coil. 


€ 
pep a wees Es 


jsection at AB. 


rer 7] 
4 
Fia. 5 


That the effect of the leads may always be neglected 
becomes clear when it is remembered that, in the usual 
case, the coil will consist of a large number of turns 
instead of a single loop and: the forces on portions of the 
coil will be many times those which can’ exist between 
Now consider two concentric 
circular turns lying in the same plane, and carrying 
equal currents. The forces are still radial as shown in 
Fig. 4, with two cases to be considered, first, currents 
in two turns in phase and second, currents in two turns 
out of phase. The forces illustrated in Fig. 4 are for 
the condition of the currents being out of phase by 180 
deg. as would be the case between a primary and second- 
ary winding. The forces between the two turns are 
repulsive and tend to keep them concentric. If the 
current were in phase in the two coils the forces would 
become attractive and any eccentricity would tend to 
increase the force at the point of least separation until 
the two turns are finally brought into contact. 

To analyze this case more closely consider a section 
A B of the two turns shown in Fig. 4. Fig. 5 shows 
conditions at this point. For convenient reference, 
the different conductors have been numbered and the 
direction of flow of current is indicated in the conven- 
There is a strong repulsion between 
conductors 1 and 2 due to their proximity and a re- 
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pulsion of the same order of magnitude between con- 
ductors 3 and 4. These are not the only forces acting, 
however. Conductor 1 is attracted by conductor 3 and 
repelled by conductor 4. The magnitude of these forces 
compared with the magnitude of the forces between 
conductors 1 and 2 is inversely as the distances between 
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them. Thus, when the diameter of the circles is great 
in comparison with their separation the forces on con- 
ductor 1 due to conductors 3 and 4 are in opposite 
directions and of very nearly the same magnitude. 
The excess of the attraction toward conductor 3 over 
the repulsion from conductor 4 slightly decreases the 
repulsion between conductors 1 and 2. By this pro- 
cess of reasoning it may be clearly demonstrated that 
the only forces which need be considered are those 
between adjacent coil sides. 

The other common grouping of windings employed in 
transformer construction is the inter-leaved grouping 
in which all coils are coaxial and primary and secondary 
groups alternate with one another across the opening in 
the magnetic core. The mechanical forces between 
windings arranged in this manner are radically different 
from what they are with the concentric construction. 
Refer to Fig. 6, in which the turns are of the same dia- 
meter and lie in parallel planes. Fig. 7 shows a cross- 
section looking in the direction A B indicated in Fig. 
6. The direction of the various forces acting is shown 
by the arrows. On any conductor there are three 
forces acting. For example on conductor 2 there are 
a strong force of repulsion from conductor 1, a very 
much weaker force of repulsion from conductor 3, 
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and a force of attraction toward conductor 4 of the 
same order of magnitude as the repulsion from conduc- 
tor 3. The horizontal component of the attraction 
2-4 practically wipes out the repulsion 2-3, and its 
vertical component detracts only slightly from the 
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repulsion 1-2. The net result is that the only force of 
magnitude is that between conductors 1 and 2 and 
all forces acting in the plane of the coils are practically 
neutralized. 

The conclusion is reached that as long as primary and 
secondary coils are adjacent there is no limit on the 
shape of the coil from the mechanical point of view, as 
all stresses acting in the plane of the coils are neutralized 
and there is therefore no force of any magnitude tending 
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to. distort the coils. The conclusions reached when 
single turns are considered hold equally as well for 
coils or groups of coils, so that in considering the forces 
in a transformer these fundamentals must always be 
kept in mind. Thus by interleaving the primary and 
secondary coils, it is possible to overcome completely 
any limitations which the mechanical forces with 
other arrangements of coils may dictate and to choose 
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a coil shape which adapts itself most readily to the 
solution of the other important problems of the design 
namely, insulation and ventilation. 


DISTRIBUTION OF FORCES IN QUEENSTON TRANSFORMERS 


The Queenston transformers employ the interleaved 
type of construction familiarly known as the shell 
form, with rectangular pancake coils forming the 
alternating groups of primary and secondary coils. 
The interlacing may be indicated symbolically 
LHHL-LHHL-LHH L there being three groups 
of high-voltage coils with which are associated a group 
of low-voltage coils on either side. This arrangement 
is called a 6-H-L grouping from the number of spaces 
high to low voltage which occur in the transformer. 
Fig. 8 shows a view of the top of the transformer, on 
which are indicated the connections and the develop- 
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ment of winding. The figures adjacent to the develop- 
ment indicate the percentage of the total series turns 
in each section. Below the plan view has been plotted 
a graph of the magnetomotive force causing leakage 
across the opening between primary and secondary. 
The flux density will be proportional to the m. m. f. 
so that the same chart wae represent induction just 
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aswellasm.m.f. It will be noted that the flux density 
rises to a peak value at each H-L space. When it is 
possible to equalize the ampere turns in all groups the 
value of all of these peaks will be identical and other 
conditions being the same, the magnitude of the repul- 
sion at each H-L space will be the same. It is fre- 
quently impossible to get an exact balance and in such 
cases the magnitude of the repulsion at different H-L 
spaces will differ slightly. For example, refer to Fig. 
10 and note the values of the ampere turns across 
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various H-L spaces are + 16.67, — 15.98, + 17.35, 
— 17.35, + 15.98 and — 16.67 respectively. The 
total force against the end groups of coils is that due 
to the maximum value of ampere turns concentrated 
across any H-L space. This follows from the fact that 
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each of the internal groups has a force acting against 
its opposite faces in opposite directions. Since the 
magnetic centers of all groups lie in the same plane, 
the resultant of two such forces is the algebraic dif- 
ference. If there is an excess of one force above the 
other, it is transmitted to the next group and combines 
with the forces developed there. Referring to Fig. 9 
the force against either face of the middle group of 
high-voltage coils is due to 17.35 per cent of the total 
ampere turns. The reaction against the adjacent 
low-voltage coils is of course of equal magnitude. If 
we call this force 100 per cent then the force developed 
in the next H-L space will be (15.98/17.35)? x 100 or 
85 per cent and in the outermost H-L spaces will be 
(16.67/17.35)? « 100 or 92.3 per cent. Cancelling 
out opposite forces of equal magnitude it will be seen 


, that the stress of the end group of low-voltage coils 
[_] against the supports is due to the highest stress in any 


part of the windings. 


100 per cent — 85 per cent = 15 per cent unbalanced 
force ‘which adds to reaction of 85 per cent against 


| right face of outer high-voltage group giving 100 per 


cent. 

100 per cent — 92.3 per cent = 7.7 per cent un- 
balanced which adds to reaction of 92.3 per cent 
against right face of outer low-voltage group giving 
100 per cent. 


’ EFFECT OF TAPS 


Taps always result in unbalanced magnetic conditions . 
unless equal turns are cut out simultaneously from each 
group. This would lead to a very large number of taps 
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Fig. 14 


and leads and in most cases the complication could 
not be justified. However, it should always be borne 
in mind that the greater the percentage of the winding 
tapped, the greater is the possibility of increasing the 
forces by unbalancing. Fig. 10 shows the magneto- 
motive force distribution on the first under voltage 
tap and Figs. 11, 12 and 13 under the other tap co- 
nections. 


All of the required voltages could have been obtained 


rj] with considerably fewer leads and taps as for example 


with the development of winding shown in Fig. 14 but 
the reduction in the insulation difficulty through the 
elimination of extra leads would have been accompanied 
by an increase in the mechanical forces due to unbalanc- 
ing conditions on tap connections. As will be noted 
from Figs. 8 and 11 to 18, the maximum stress in 
the Queenston transformers occurs on the first under 
voltage tap and hasa value of (20.22/17.35)? x 100 = 
136 per cent of the maximum with the full winding. 
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FORCE ON INDIVIDUAL CONDUCTORS OR COILS 


Fig. 15 shows an enlarged section of one portion of 
Fig. 8. It will be noticed that the individual coils 
which make up this group do not lie in fields of equal 
intensity. In fact the field intensity increases almost 
uniformly from one edge of the group to the other, 
reaching a maximum value at the edge of the space 
H to L. To obtain the total force developed between 
any two groups the ampere turns in that group must 
be multiplied by the average flux density through the 
group. Since the field intensity increases uniformly 
the average will be one-half the maximum. It is 
almost self evident. that the coils nearest the H-L 
space will develop the greatest repulsion owing to the 
intense field in which they lie. It is a simple matter to 
calculate the percentage of the total force developed 
in a given group, which is concentrated against the face 
of any particular coil. For example, the number of 
turns in the high-voltage coil nearest the low-voltage 
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winding is 4.41/17.35 « 100 = 25.4 per cent of the 
total number of turns in that group. The average 
field intensity throughout this coil in per cent of the 
average field intensity for the whole group is 


4.Al 

17.35 — > 

— =  100'= 175:6 per cent. 
8.62 


The percentage of the total stress developed against 
the first high-voltage coil will then be 0.254 « 1.756 
< 100 = 44.6 per cent. Similarly the second high- 
voltage coil is subject to 


ate x ae % 100 = 81.6 per cent, and the 
third high-voltage coil to 

pe x yeas x 100 = 18.6 per cent, and the 

17.35 8.62 
fourth high-voltage coil to 

4.13 2.065 

aon t= ee oh == Sa 7 per cent: of the 

17.35 * "8.62. °° Bs 


total force in that group. 
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In the same way it can be shown that the force against 
the first and second low-voltage coils is approximately 
75 per cent and 25 per cent respectively of the total force 
developed in the group. 

The spacing strips which separate the coils to form 
the ventilating ducts must give the coils ample support 
to withstand safely the highest value of stress that can 
be concentrated against it. The problem resolves itself 


C.L. Full Winding 


C.LonTop 


Fig. 16 


into a question of supporting each individual turn 
frequently enough to limit the deflection under short- 
circuit stress to an amount which the coils can safely 
stand. This limit is set as much by the amount of 
bending which the insulation will stand without break- 
ing, as it is by the elastic limit of the copper itself. 


EFFECT OF DISPLACED ELECTROMAGNETIC CENTERS 

Tapping a coil will always result in locally unbalanced 
conditions. This applies equally as well, regardless of 
whether we are speaking from the electrical or the 
mechanical point of view. From the design point of 
view, taps are always very undesirable. The mechani- 
cal effect of taking a tap out of a group of coils is 
illustrated in Fig. 16, which shows the worst possible 
unbalancing due to a single tap in a group of four coils. 
With one-half of the turns in one coil idle, the shift in 
electromagnetic center lines would be 3.67 per cent 
of the width of the coil. Obviously the conditions 
would be worse with fewer coils in the group, the worst 
case being a single coil. The ideal arrangement would 
be where the electromagnetic center lines are maintained 
coincident under all possible combinations of connec- 


latetalt 


Fig. 17 


tions. This ideal condition ean be realized even when 
the design is handicapped by taps, provided the taps 
can be arranged to come at the connection between 
coils. Reference to Fig. 8 will show that on these 
transformers for the Queenston station, this problem 
has been successfully worked out so that the taps all 
come from connections between coils. In this way the 
possible displacement is limited to that obtainable 
with good manufacturing tolerances. 

When a displacement in center lines exists, the total 
force in the various planes parallel to the face of the 
coils may be resolved into components parallel and 
perpendicular to the plane of the coils. Fig. 17 shows 
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a section through the upper ends of the coils of a trans- 
former in which the displacement has been exaggerated 
to illustrate the nature of these stresses. With the 
displacement in the direction assumed the resultant 
forces are upward at the center of each low-voltage group 
and downward at the center of each high-voltage group 


Fic. 18 


of coils. Conditions are repeated at the lower ends 
of the coils so that the total vertical forces will be 
double those indicated in Fig. 17. 


METHOD OF BRACING EMPLOYED 

Having analyzed the various types of forces to be met 
with in the design of transformers of this type of con- 
truction, it will be interesting to examine the mechani- 
cal supports which have been provided in these units. 

First to consider the total horizontal force per- 
pendicular to the faces of the coils. Those portions of 
the coils which pass through the laminated core are 
securely held in place against these stresses by the 
punchings themselves. It is only necessary to supply 
supports for the portion which projects beyond the 
iron. Heavy steel plates are placed against the ends 
of the assembled groups of coils and insulation. By 
means of tie rods these plates are clamped about the 
ends of the coils to secure them against possible move- 
ment. Fig. 18 shows clearly the steel plates and 
the tie rods spanning them. Three rods are used 
on either side, two of the upper and one of the lower 
being visible in the picture. The others are concealed 
by the structural steel end frames but the holes pro- 
vided to tighten these are clearly shown. 

The weight of all the coils and insulation is carried 
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on supports which are independent of the stacked up 
punchings. which form the magnetic core, , This. sup- 
port. consists of two T beams with. heavy spreader 
bolts between. One beam is inserted into each end of. 


Fia@. 19 


the opening through the coils. By means of the 
spreader bolts at each end of the beams they are forced 
apart until the opening in the coils is solidly blocked, 
and all the weight transferred to the lower supporting 
frame. Fig. 19 shows the lower T beam in position 
ready for the building of the coil, the photograph being 


Fig. 20 


taken on a unit of slightly different rating and charac- 
teristics.. The 7’ beams in the case of these transfor- 
mers are made of phosphor-bronze in order to eliminate 
stray losses as they parallel a portion of the magnetic 
circuit. Fig. 18 also shows quite clearly this construc- 
tion. These 7 beams also take care of any vertical 
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stresses due to possible discrepancies in the. electro- 
magnetic centers of the primary and secondary coils. 

Individual coils are braced by the use of specially 
designed spacing strips. The vertical portions are 
supported by “wavy” spacing strips which support 
each turn at frequent: intervals. without blanketing 
any portion of the coil. The group of wavy strips in 
any duct is cleated together at several places and the 
cleats dovetail into the channels over the edge of the 
coils so that the strips cannot shift. The corners and 
the ends of the coil are braced by means of the ven- 
tilated spacers shown in Fig. 20. These spacers are 
formed of micarta in such a way that a solid piece of 
material is obtained having ribs at an angle to its 
length and open spaces between the ribs. The slant 
of the ribs is sufficient to support every turn crossing 
the spacer and still allow the free passage of oil through 
the spacing strip. By properly arranging these spacers 
they can be made to direct the flow of oil into and out 
of the ducts along natural stream lines. 

The proper ventilation and insulation of a trans- 
former is equally as important as the adequate mechan- 
ical support of the winding. The system of bracing 
used in these transformers is particularly interesting, 
in that in spite of-the substantial construction used, 
the other vital factors of ventilation and insulation 
have not been impaired in the least. Over 70 per cent 
of the area of each coil lies along a vertical duct in 
which direction the resistance to the flow of oil isa 
minimum. The velocity of oil flow under these con- 
ditions is very high and the swerving oil stream by its 
vigorous action scours off the stagnant film of oil ad- 
jacent to the coil itself, and thereby reduces the 
temperature difference between the copper and the 
oil. This temperature drop at the surface of the coil 
is one of the most important elements of temperature 
difference going to make up the total difference in 
temperature between the windings and cooling water. 
It falls into that division of the temperature rise which 
responds almost instantly to changes of load and there- 
fore has a most important part in determining the 
ability of the transformer to carry overloads. 


Discussion 


QUEENSTON—CHIPPEWA DEVELOPMENT OF THE 
HYDROELECTRIC POWER COMMISSION OF 
ONTARIO (Gasy); 
DESCRIPTION OF THE 45,000 Kv-a. QUEENSTON 
GENERATORS (Barns AnD BownEss); 
DESIGN OF 45,000 Kv-a. GENERATORS, QUEENSTON 
PLANT (McCarty anv Hart); 

FEATURES OF MAIN POWER HOUSE TRANSFORMERS 
FOR QUEENSTON PLANT (Price anp SKINNER). 
Niagara Falls, Ontario, June 27, 1922 

B. A. Behrend: It is instructive to note in connection with 
the design and construction of these large water-wheel generators 
installed as Niagara Falls, that the earliest units, which were 
rated as 5000-h.p. units, and which operated at 250 rev. per min., 
installed at the powerhouse of the Cataract Construction Com- 
pany, as it was then called, were made with externally revolving 
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fields, of the “‘umbrella” type. The field ring consisted of a 
large nickel steel forging, against which the solid pole pieces were 
bolted. 

The speed of 250 rev. per min. was retained for all units from 
the earliest date of installation up to 1907, when the new units 
installed at the powerhouse of the Niagara Falls Hydraulic 
Power & Manufacturing Company’s plant were projected with 
a capacity of 7500 kw. at 300 rev. per min. 

Following the precedent, the first unit of this type was designed 
by the speaker with a nickle steel rotor, and’ a full description 
of this generator was given in the A. I. E. E. Transactions of 
June 1908. During the over-speed test, the first generator 
furnished to the Niagara Falls Hydraulic Power & Manufacturing 
Company was totally destroyed, the wreck appearing similar to 
the recent wreck of the 15,000 kw. generator at the Ontario 
Power Company’s plant. The generator which was destroyed 
at the latter plant was designed and built by another manu- 
facturer, with a cast steel rotor. 

A careful examination of the fractures of the nickel steel forg- 
ings and exhaustive tests convineed me that large forgings of any 
kind are unreliable. They are subject to internal stresses, which 
are unknown, and which could be relieved only by thorough an- 
nealing, but the annealing process itself is inimical to the mole- 
cular formation of alloyed steels, even if it were possible uni- 
formly to distribute the heat of the annealing furnace through all 
parts of a large mass of steel. It must be remembered in this 
connection, that it is customary for pieces to be heat treated to 
be supplied with holes, if possible, so that uniform penetration 
of heat can be secured. Such center holes are not practicable 
in electric generators, as the removal of the metal in the center 
leads to the doubling of the stress, on account of the redistribution 
of radial and tangential stresses, resulting in tangential stresses 
only. This matter was discussed by me in 1917 at Philadelphia, 
and is recorded in the A. J. E. E. Transactions, Vol. 36, p. 883. 
The speaker is firmly convinced from vast experience, extending 
over more than a score of years, that the use of large steel forgings 
is to be deprecated, and that the safest construction can be 
obtained by discarding totally these large forgings, and using 
steel plate construction instead. 

The first large generating unit operating at 750 rev. per min.. 
and generating about 10,000 kw. was designed by the speaker 
in 1904, and built by the Bullock Electric Manufacturing 
Company for the Brooklyn Rapid Transit Company. The 
modern designs of steel plate rotors differ very little from this 
earliest prototype. Where it is possible to use a shaft, the plates 
are made with holes, but where it is not possible to use a shaft, 
the plates are bolted together with through-bolts. The journal 
ends are fastened to the rotors in a manner first shown to be most 
effective by Delaval, in his early steam turbines. The construe- 
tion is now used generally elsewhere, and has been found 
thoroughly reliable. 

The thirteen generators now operating at the powerhouse where 
the 7500 kw., 300 rev. per min. generator was installed in 1908, 
have been designed with plate rotors, the plates being made of 
ordinary open hearth-carbon steel, carefully heat treated, so that 
the steel is thoroughly ductile. Samples from these plates, 
which are a little over two inches thick, have been bent cold flat 
through an angle of 360 deg. without showing seams or fractures 
on the outside. 

B. T. McCormick: About fifteen years ago the companies 
manufacturing wheel type generators paid very scant attention 
to the stresses at overspeed and the possibility of the destruction 
of a machine as a result of a run-away. Suddenly a machine 
flew to pieces. This was soon followed by a number of similar 
accidents in different parts of the country and served to awaken 
the manufacturers to a realization of a serious weakness in 
their designs and led them to make a close study of the stresses 
involved, and the suitability of different materials. 

The design of a machine to safely stand a run-away involves 
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two main issues; to determine the stresses accurately, and ‘to 
obtain a suitable material, the strength of which is definitely 
known. 

The method of calculation must give a true measure of the 
stresses actually induced. If there is any doubt as to the 
accuracy of the method, the error should at least be on the safe 
side. Many of the stresses, on careful consideration, are 
found to be of a much more complicated nature than was first 
supposed, and of far greater magnitude. Stresses that at first 
seemed to be simple tension are really composed of a bending 
moment, a shear and a tension combined. 

The material must be one of uniformly good structure through- 
out; one that is free from local weaknesses. 'To know that the 
material is uniform and to be able to rely on it, is even more 
important than very high elastic limit. 

Rotors built of rolled steel disks of boiler plate mounted on 
the shaft have been found very satisfactory; also spiders composed 
of several steel castings side by side. If the castings are properly 
annealed and enough test pieces are obtained from various parts 
of the structure, as an index to its strength and uniformity, this 
construction is very reliable. For uniformity of structure there 
is no doubt that the laminated field ring is the most reliable. 
Such a structure is so finely divided that if any weakness exists, 
it will be so localized that it cannot affect the strength of the ring 
as a whole. This ring is usually mounted on a cast steel spider 
and care must be taken that the expansion of the ring at over- 
speed does not overstress either the arms or the dove-tails of the 
spider, furthermore, the design must be such that expansion at 
overspeed does not cause it to become loose on the spider. 


W. J. Foster: I agree with Mr. Behrend that it is very 
important that the castings for the steel forgings be selected and 
tested carefully. Mr. McCormick has just remarked that about 
fourteen years ago there was an epidemic of machines flying to 
pieces. That is rather news to me, although I ought to know 
about such eases. I do remember happenings in two or three 
places, one of which our Chairman has referred to. Others 
oceurred on the Pacifie Coast, about the same time. 

In connection with the idea of the last speaker, who mentioned 
the fact that the laminations are built up, a great number of 
them, so that if one is weak, the situation can be saved by its 
neighbors, I desire to call attention to the fact that the same 
principle has been carried through the designs of rotors of the 
multiple wheel type. 


I desire to state that certain plate rotors for generators of high 
centrifugal stresses, involved much study and the testing of a 
model in the laboratory to guard against such troubles as opening 
at the shaft on the inner edge of the disk, a trouble which was 
encountered about that time in the construction of certain 
steam turbines. In the case of these generators a satisfactory 
design was obtained by cutting out holes in such manner as to 
leave material of the proper section to stretch sufficiently to 
prevent the trouble that would otherwise start at the shaft. 
The point I wish to make is that there are problems involved in 
plate construction, as well as in castings, and it is well, as Mr. 
Behrend has pointed out, to spare no pains to select the proper 
construction. Often castings should not be used but a plate or 
laminated rotor. 


R. B. Williamson: A prominent feature of the two 
Queenston generators is the large fly-wheel effect as compared 
with other machines of comparable size. The fly-wheel effect of 
21,000,000 Ib. ft.? is much larger relatively than that of the 
32,500-kv-a. machines in the No. 3 plant of the Niagara Falls 
Power Company. ‘The latter generators operate at 150 rev. per 
min. and have a fly-wheel effect of approximately 10,000,000 to 
12,000,000. Thus taking into account the relative outputs and 


speeds in the two cases the Queenston machines have relatively _ 


about twice as much fly-wheel effect as the 32,500-kv-a. units. 
The amount of fly-wheel effect to be put into a generator is 
something that must be determined for each case, taking into 
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account the hydraulic conditions. 'The fact remains, however, 
that fly-wheel effects are frequently specified that are very much 
higher than the normal design of the generator would give. In 
order to obtain these large fly-wheel effects there has been a 
tendency in some eases to build generators on a larger diameter 
of rotor than was necessary from the standpoint of electrical 
design. This makes it more difficult to take care of overspeed 
stresses and has a decided bearing on the question of rotor 
construction. 


While it is true that cast steel and forged steel rotors have 
failed in some instanees, it is-also true that there have been 
failures of laminated rotors. Not only must the materials 
be properly selected for a given ease but the mechanical design 
must be such that the allowable stresses for the given material 
will not be exceeded. In the case of very large machines, a 
east steel rotor has the advantage that it can usually be put 
together and tested for overspeed at the factory, after which 
it can be disassembled for shipment. With a large laminated 
rim this would necessitate stacking and unstacking and the test 
would be of doubtful value. It is true that there have been 
some accidents with cast steel and other types of rotor but if 
care is taken to design the rotor so that the stresses at overspeed 
are kept to within half the elastie limit of the material and the 
form of the castings made, in consultation with the steel founder, 
so that the finished product will be sound, thoroughly annealed 
and free from shrinkage strains, there is no reason why entirely 
safe rotors cannot be made; in fact very large numbers of them 
have been made and have been in successful operation for years. 


F. D. Newbury: In two papers describing similar generators 
it is interesting to observe the differences in design and construc- 
tion; in other words, how different designers have met the same 
problem. 

The major difference in construction is found in the rotor 
material. In the generator described by McCarty and Hart, the 
rotor wheel (to which the poles are attached) consists of a single 
relatively light steel casting consisting of a hub and arms but 
without a rim. The rim is built up of 1/16 inch sheet steel 
punechings. In the generator described by Barns and Bowness 
the rotating part in made up of seven east steel wheels placed one 
over the other on the shaft. It would be impossible to obtain 
a single satisfactory steel casting for the entire rotor. Barns and 
Bowness have used steel castings but have subdivided the rotor 
into as many castings as they considered necessary to secure 
sound castings. MeCarty and Hart have abandoned the cast 


material entirely (so far as the rim is concerned) and have re- 


placed it by a laminated construction that eliminates the question 


of unreliability. The laminated rim requires more material 


(on account of the radial joints in the rim) and more labor, but 


these are offset, to some extent, by the lower cost of sheet material 


as compared with castings. In the present case, however, the 
flywheel effect specified for turbine speed regulation required 
two additional cast steel sections in the Barns-Bowness design 
so that in this case, the laminated construction has an advantage, 
not only in potential reliability, but in rotor cost. 

A second difference is found in the type of coil bracing. In 
one generator the outer layer of coil ends is roped to two rings; 
in the other, both layers of coils are bolted to east iron brackets. 
The generators also differ in type of coil insulation. In the 
generator described by McCarty and Hart the straight parts of 


the coils (embedded in the core) are eneased in a rigid mica wrap- - 


per while the exposed coil ends are insulated with a flexible bond 
between wires and a flexible tape insulation. The other genera- 
tor has a flexible tape insulation throughout the entire coil. 

In one generator the upper supporting bracket is east steel 
and in the other cast iron. The advantage of cast steel is greater 


strength permitting the use of a relatively shallow structure. 


However, the necessity for small deflection limits the stress in 
cast steel to a low value so that full advantage of the greater 


strength of cast steel cannot be taken. Moreover, cast steel is 
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more expensive per pound and is considerably more difficult to 
handle in the foundry. There is more liklihood of defective 
castings and the greater chance of porosity that will lead to oil 
‘leakage from the thrust bearing pot. 

O. D. Wocd: There is one point in the paper on transform- 
ers that is not entirely clear, namely, the bracing of the winding 
against vertical forces resulting from possible displacement. 

It is known that in any coil arrangement, if the magnetic 
axes do not coincide there exists a force tending to slide one coil 
or a portion of a coil with respect to the other winding. Thus, 
if concentric cylindrical coils are not symmetrically arranged, 
one coil tends to slide with respect to the other, and must be 
braced against such movement. Bracing is provided to guard 
against such a movement in concentric windings. 

In interleaved windings, if the coils are not symmetrical there 
will exist a foree tending to displace the coils as a whole or 
portions of the coil with respect to one another. 

If the coils are circular this force is resisted by the tensile 
strength of the conductor because the coil is of cireular section. 

If the coils are not circular, but rectangular, as in the shell 
type, this foree tends to blow out one coil and to collapse the 
other coil towards the core. Such a foree is resisted by the 
iron on the coil legs, but if there is no bracing on the coil ends 
against movement away from the core, this force will tend to 
cause one of the coils to become semi-circular and to collapse 
the other on the bracing against the core. It would seem that 
it is practically impossible to obtain absolute coincidence of 
magnetic centers even with coils of the same dimensions, but 
it should be much more difficult in high-voltage transformers 
of the interleaved style where the primary and secondary coils are 
usually of different dimension. In fact, it is hard to determine 
in such unsymmetrical coils where the magnetic center is, so that 
it can be stated with some degree of assurance that there will 
always exist a foree tending to distort the coils. 


Furthermore, in any event where the coils are of different 
dimensions there exists a force on the wider coil tending to distort 
it due to the curvature of the leakage flux, i. e. the leakage flux 
is not in the straight line through the leakage gaps, but curves 
away and some of the flux passes through the outside turns of the 
coil. 

The analysis on page 455 regarding the effect of opposite coil 
ends, shown in Figures 7a and B, should be infiuenced by the 
modifying effect of the core. Under absolute short circuit the 
full core flux passes through the leakage gaps, yet this flux moves 
into the core at every coil group, and therefore modifies the 
condition outlined in these figures. 


W. M. Dann: It seems only a few years ago that someone 
made the prediction that we should have transformer banks with 
a rating of 50,000 kv-a., and now we have them at Queenston, 
and they are used on a low frequency which makes them physi- 
eally much larger than they would be if used on 60 cycles. In 
Pittsburgh, there are banks of transformers with a rating of 
70,000 ky-a. in operation, but they are somewhat smaller than 
Queenston transformers, because they are used on 60 eyecles. 

Transformers of this capacity are simply an extension in size 
over those that have gone before, and the problems of how to 
insulate them and how to cool them, and how to make them 
strong enough mechanically to be unharmed by the mechanical 
forces due to short circuits are bigger problems, but problems 
of the same kind that have been solved with smaller units. 


Insulation troubles in general are rare and generally speaking 
the manufacturers are ready to insulate their transformers for 
any possible commercial voltage. The problem of carrying off 
the heat from the windings in a big transformer is not particu- 
larly simple, but it is a problem which is being successfully 
solved. The efficiency of these Queenston transformers is very 
high, slightly under 99 per cent at full load, and yet this means 
losses of about 175 kw. in the transformer. Most of this loss 
is in the windings. This means that the construction must 
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include an efficient system of ducts to carry this heat away to 
avoid an abnormal temperature rise at any point. An illustra- 
tion used in the paper shows a system of ducts which permit the 
oil to flow vertically upward, which is its natural direction. The 
curved strips allow the oil to come into contact with every 
conductor in the coil. The ribbed spacers at the tops of the coils 
create an open construction which undoubtedly is an important 
factor in reducing the temperature of the windings at these 
points which are naturally the hottest parts of the windings. 

Perhaps the most important problem with these big trans- 
formers is to make them strong enough to withstand the mechan- 
ical forces which are present in the windings due to the action of 
the leakage field on the conductors. There are a good many 
ampere turns in transformers as big as these, even with only the 
normal full-load current flowing and the mechanical forces are 
going to be present as long as we have leakage. The mechanical 
forces at full load would not be negligible if they were not dis- 
tributed over quite an area so that the forces in pounds per 
square inch are low. It is under abnormal conditions:such as at 
the time of short circuit that these mechanical forees become 
formidable. 


This feature of the design of large transformers calls for the 
greatest care on the part of the designer. As I said before, the 
mechanical forces are going to be present as long as we have 
leakage fields cutting current carrying conductors and they will 
appear as a stress in the materials. This is independent of what 
kind of construction is used. In a transformer with interleaved 
coils for instance they will appear, in a shell-type transformer, in 
the form of bending moments at the tops and bottom of the coils 
and in a core-type as a crushing force and they must be restrained 
by the coil bracings. 

In a core-type transformer with concentric coils they appear 
as a tensile strain on the conduetors and they must be kept within 
the tensile strength of the copper. 


The vertical components spoken of by the authors depend 
upon how closely the magnetic centers are made to coincide when 
the coils are assembled and the tendency for the coils to move if 
there is a failure to make the centers coincide exactly is present 
in any type of transformer. 


The mechanical forees depend upon ampere-turns and a great 
deal can be accomplished in reducing them by proportioning the 
ampere turns per group properly. If the grouping of the coils 
is done carefully the forces can be kept within bounds and 
unbalancing among the groups can be minimized by locating 
taps carefully. If all of these things were not given careful 
attention, it would be an easy matter to produce a design in 
which the mechanical forces would exceed the bending and crush- 
ing limits of the materials used. The diagrams in the paper 
show that the coil grouping in the Queenston transformers was 
carefully worked out and attention was paid to the arrangement 
of the taps to keep the forces to a minimum under the worst 
conditions. 

The authors have shown in quite a simple way that the forces 
affecting the coils are practically independent of the shape of the 
coils because those components which tend to distort them are 
first of all negligible compared with those which tend to separate 
the coils from each other, and second they practically neutralize 
each other leaving effective only those forces which tend to make 
the coils move as a whole. These forces can be calculated and 
it is a comparatively easy matter after designing for minimum 
stresses to apply the bracing necessary to take care of the forces. 
A section of the paper describes how this bracing is applied. 

We are told that the ultimate capacity of the Queenston 
Station is to be between 600,000 and 700,000 kv-a. This 
stimulates the imagination to think of the tremendous things 
that might happen in time of trouble. Even with one generator 
and one bank of transformers connected and used as a unit, the 
short-circuit kv-a. capacity could be over a quarter of a million 
ky-a. and it speaks well for the art that transformers can be 


510 PRICE: AND: SKINNER: QUEENSTON PLANT TRANSFORMERS  Transactions:A. I. E. E. 


designed and built without any misgivings as to their standing up 
successfully under the worst short-circuit conditions that ean 
possibly oceur. 


B. A. Behrend: So far as ] am aware, there are no cases on 
record where machines designed with steel plate rotors have 
gone to pieces. However, there are numerous cases on record, 
where steel forgings and steel castings have been wrecked, and 
it is evident that it is the paramount duty of the designer to 
eliminate the elements of chance in the design and construction 
of these large units. The element of chance is greatest, where 
steel forgings are used, next greatest, where steel castings are 
used, and the least, where rotors are built up of steel plates. 
There is no question about the fact that it is possible to construct 
electric generators with either steel forgings or steel castings, 
but the fact cannot be denied, that the unknown quantity is 
greater in this case than it is when dealing with moderately 
thick plates, the structure of which is thoroughly known, which 
can contain no blow holes, no piping, no shrinkage stresses, and 
in which.the material is subjected to stress in the direction in 
which its ductility is a maximum. 


R. A. McCarty: From the papers presented and the subse- 
quent discussion, it seems to me to be rather generally recognized 
‘among designing engineers that there is a proper field in generator 
construction for the use of both the built up and the cast steel 
types of rotor designs. As one speaker pointed out, many 
satisfactory machines have been built with both constructions. 
It, therefore, appears that the only important matter on which 
there is any serious disagreement, relates to the exact location 
of the dividing line which separates the two classes of machines 
in which the use of the different types of rotor should be employed. 
Since, as in all engineering work, the application of either design 
will vary, depending on the experience of the particular group of 
engineers concerned, it is not to be expected to find the various 
manufacturers following a common practise, there being no 
common experience. While we would not. presume to take the 
position that our machine classifieation which fixes the type of 
rotor construction is the only correct one, I do want to empha- 
size the fact that in following that classification our record, 
contains no single case of which I am aware, of any machine of 
either construction going to pieces. 

B. L. Barnes: I think that we are greatly indebted to Mr. 
Behrend for giving us the very interesting review of his experi- 
ence as a pioneer in the design of large high-speed rotor construc- 
tion. I think that it is generally accepted that the plate con- 
struction whether in thin laminations or boiler plate is preferable 
to the forged steel construction for large machines, but there is 
also a legitimate field for the employment of the cast steel con- 
struction. 


As pointed out by Messrs. McCormick, Foster and William- 
son each type of construction must be treated according to its 
own peculiarities, and while a given type is applicable in some 


machines, yet due to difficulties in manufacture it is not suitable _ 


for other machines. For instance in the ease of a large generator 
the laminated rim construction involves the manufacture of very 
large sheet segments which are ordinarily made by only one or 
two punch press operations, limited in number in order to 
realize the economy peculiar to this type of construction. This 
involves some very nice problems in the designs of the punch and 
die and the punch press to handle sheets of sufficient thickness 
to insure ample stiffness, especially in the pole dovetail parts, and 
it is quite conceivable that in order to use segments of sufficient 
thickness the number of operations would be increased to such 
an extent that the economy of cheaper material is more than off- 
set by the increased labor cost. In addition to the advantage 
mentioned by Mr. Williamson of being able to make overspeed 
tests on large rotors at the factory the cast steel construction 
also permits giving each part a careful balance to insure a good 
running balance of the completed rotor. Nor. is there the danger 
of the balance being disturbed after a long period of operation 
which might result from the gradual shifting of the punchings to 
take a permanent seat on the through bolts and dowels. 


In reference to Mr. Newberry’s comparison of the two types 
of construction as regards the fly-wheel effect, I wish to explain 
that definite restrictions were placed on us by our customer as 
regards the diameter of the stator frame, and if we had been 
permitted to increase the diameter a few inches the desired fly- 
wheel effect could have been obtained without the use of the 
extra wheel sections. As Mr. Newberry has mentioned the 
laminated rim construction has necessitated more material, due 
to the radial joints which means a greater radial depth and restric- 
tion of the air passages. through the rotor. Furthermore the 
stresses in the laminated rim are not relieved by the arms or 
spokes as in the case of the cast steel construction with the rim, 
spokes and hub east as one piece. 


In reference to Mr. Newberry’s comparison of cast steel and 
cast iron upper bearing brackets, it should be noticed that the 
relatively shallow bracket obtained in cast steel has been taken 
advantage of for draining the oil pan of the upper guide bearing 
over the top of the stator windings instead of using a rotating pan 
on the shaft and draining the oil down through the rotor. Fur- 
thermore on the basis of a given deflection a bracket can be 
designed for cast steel of sufficiently smaller weight than for east 
iron to overcome the disadvantage of greater cost per pound, and 
at the same time obtain a much greater factor of safety. We 
have experienced as much trouble due to porosity in east iron 
construction as in east steel. 
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OR the past two years the Standards Committee 

has: been studying the present rules concerning 

the temperature limits of Class B insulation and 
the detector method of temperature measurement, as 
applied to large machines, and related subjects. 

The Electric Machinery Committee of the Institute 
has suggested that an opportunity for general discussion 
of these questions be given members of the Institute 
and this meeting devoted to machinery rating and 
temperature limits is the result. 

This paper is intended to bring to the attention of 
members desiring to contribute to this discussion some 
of the questions that are before the Standards Commit- 
tee: 

This statement, it should be understood, is unofficial 
and should be considered only as an individual expres- 
sion of opinion where any opinion is expressed or 
preference shown for one proposal over another. 


BASIC PRINCIPLE OF RATING 


The principle employed in the A. I. E. E. Standards 
for determining the limiting temperature rises as a 
basis for rating is the so-called hottest-spot principle. 
The application of this principle in any particular case 
involves the determination of two quantities or figures; 
the limiting safe temperature of the insulation em- 
ployed, and the difference between the hottest-spot 
temperature and the highest temperature it is possible 
to measure by the designated commercial method. 
Both of these figures are difficult to establish and in 
few, if any, cases can they be established to the satis- 
faction of everyone. As a matter of fact, agreement 
on most: values of limiting temperature rise in use has 
been reached by reason of general experience, and cur- 
rent practise, rather than solely by the method set forth 
in the first chapter of the A. I. E. E. Standards. 

There are two methods of approach in arriving at 
the limiting observable temperature rise: The hottest 
spot method, that in theory, at least, is scientific in 
that it is based on the determination of facts; and the 
direct discussion of temperature rise itself, without 
the consideration of intermediate steps. This second 
method is one of negotiation and compromise, and is as 
far from the usual methods of engineering as are the 
methods of the “old diplomacy.” However, both 
methods have their advantages and limitations, and 
probably neither should be used alone. Whichever is 
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considered the method, the other should be used to 
check the reasonableness of the result. 

It has been suggested that the ‘‘hottest-spot’’ method 
or principle, as stated in the A. I. E. E. Standards, 
should be made less rigid in its application. 

It has even been suggested that the complete sub- 
ject matter relating to this principle be eliminated from 
Chapter I. A less radical suggestion is that the specific 
figures or values of conventional allowance and limiting 
observable temperatures and rises be omitted from 
Sections 1003, 1006 and 1009. This proposal also 
contemplates the elimination of specific values of con- 
ventional allowance from later chapters of the Rules, 
publishing only the final result—the limiting tempera- 
ture rises. 

A strong argument in favor of this change is the 
growing appreciation that it is impossible to establish 
single values of conventional allowance for all values 
of limiting temperature (for the various insulation 
classes) and for the various applications of each method 
of temperature measurement. If values of conven- 
tional allowance are to be retained in Chapter I, it 
will be necessary to give different values for the tem- 
perature limits of Class A insulation and Class B 
insulation, and to make it clear that the stated values 
are subject to change in specific applications. Under 
these conditions, the matter becomes more complicated 
and confusing, and it is more difficult to establish 
reasonable values, even for purposes of illustration. 

This suggestion of omitting figures from Chapter I 
would work out somewhat as follows: 

Section 1008. The specified differences by which the 
observable temperatures shall be assumed for purposes 
of standardization to be lower than the hottest-spot 
temperatures shall be designated the conventional 
allowance. 

The conventional allowance depends on the method 
of temperature measurement, on the structure of the 
machine or part, on the limiting temperature rise and 
on a large number of design factors. Values of con- 
ventional allowance can be established only when 
limited to a specific method of measurement, to recom- 
mended applications of that method and to a specific 
value of limiting observable temperature rise. 

Section 1006. This paragraph may be omitted, as 
it seems unnecessary to devote a separate section to the 
limiting observable temperatures, since they constitute 
merely an intermediate step in arriving at the limiting 
observable ‘temperature rises. 
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Section 1009. The limiting observable temperature 
rises are obtained by subtracting the conventional 
allowances from the limiting hottest-spot temperatures 
(to obtain limiting observable temperatures), and by 
subtracting the standard ambient temperatures of 
reference from the limiting observable temperatures. 

Values of limiting observable temperature rise for 
specific cases are set forth in later chapters. 

It has also been suggested that Chapter I be desig- 
nated “Introduction” instead of ‘‘General Principles,” 
and that the section numbers be omitted. This would 
emphasize the general nature of this chapter, and still 
further separate it from the practical or working Rules 
given in later chapters. 


LIMITING TEMPERATURES FOR CLASS B INSULATION 


In the present standards, this limit is 125 deg. cent., 
with the permissive value of 150 deg. cent. as given in 
Footnote 2, Section 1005: 

The Institute recognizes the ability of manufacturers to employ 
Class B insulation successfully at maximum temperatures of 
150 deg. cent., or even higher. However, as sufficient data 
covering experience over a period of years at such temperatures 
are at present unavailable the Institute adopts 125 deg. cent. 
as a conservative limit for this class of insulation, and any 
increase above this figure should be the subject of special guaran- 
tee by the manufacturer. 

At its meeting of November 5, 1920, the Rotating 
Machinery Subcommittee presented to the Standards 
Committee the following report: 

It is the sense of the Subcommittee on Rotating Machinery 
that the accumulation of data and experience since the present 
American rules concerning the hottest spot temperature limit 
of Class B insulation were first adopted warrants it in favorably 
considering the adoption of a hottest-spot limiting temperature 
for Class B insulation of approximately 150 deg. to 160 deg., 
but that a specific reeommendation be deferred until investiga- 
tions now under way and in prospect shall have been completed. 


The Standards Committee received this report and 
circulated it to the members of the Committee for 
their consideration. At its meeting held January 17th, 
1921, the report was accepted and transmitted to the 
U. 8S. Committee of the I. E. C. for their information 
and use abroad. During 1921, the Subcommittee 
conducted tests (referred to in another paper at this 
convention) and at the meeting of the Standards Com- 
mittee, held Feb. 17th, 1922, presented the following 
definite recommendations, which were forecasted in 
its preliminary report of Nov. 5, 1920: 


The Subcommittee proposes the following temperature limits 
for large machines with Class B insulation: 


Stators: By detectors located between two coil 
sides: ’ 

Hottestespot Minit oid Sa eta abe 150 deg. gent. 
Conventional allowance...............+. ZA). 
Total observable temperature............ 130° © m 
Air temperature se ee. YY + AQes i 
Limiting temperature rise............... O0sn* 

Rotors: By resistance of the winding: 
Hottest-spot limit. Sick... 3. asia tee 150 deg. cent. 
Conventional allowance................. Ca ke 
Total observable temperature...2...:.... Taq? 7% : 
Air temperatiite "ies #. seu. Rime ee 40 <“ 4 
Limiting temperature rise............... 100)" « 
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These recommendations were brought forward at 
this particular time because of the plans of the I. E. C. 
to hold a meeting for the discussion of rating in May, 
1922. 

The Standards Committee adopted its Subcommit- 
tee’s recommendations, subject to confirmation at its 
annual May meeting. In response to requests for time 
for further consideration, the Committee has deferred 
final action until May 1923. 

The recommendations of the Subcommittee for 
stator temperatures represent a compromise between 
the lower and higher temperature limits of the present 
Standards, if observable temperature rises are con- 
sidered. The present rules provide for a conventional 
allowance of only 5 deg., while the recommended value 
is 20 deg. This results in 15 deg. lower value of the 
rise with the same hottest-spot limit. The limiting 
temperature rises in the present rules and in accordance 
with the Subcommittee’s recommendation are «as 
follows: 

Present Rules: 

With 125 deg. hottest spot limit........... 80 deg. rise 
With 150 deg. hottest spot limit........... 105.4 Sxae 

Proposed Rule. . Span etd eese po umes s 

SEPARATION OF bec STANDARDS FROM 
TESTING AND OPERATING INSTRUCTIONS 

To make the use of the Standards more convenient 
and to avoid the confusion of fundamentals with less 
important matter, it has been suggested that the things 
of first importance—the rules relating to the rating and 
performance of apparatus—be separated from the 
less important subject matter relating to testing 
methods, operation and methods of calculation. 

This separation may be accomplished by placing these 
two kinds of material in different parts of the book or 
by printing the more important material more promin- 
ently. 

In this connection, it has been suggested that there 
be included in each chapter relating to a.specific type 
of machinery or apparatus a concise statement, gener- 
ally in tabular form, of all values of limiting temperature 
rise that have been established by the Standards. 
In connection with rotating machinery, there are a 
number of sections in the Rules, usually stated as 
exceptions, that require interpretation before definite 
values of temperature rise can be arrived at. Table 
400 (to be included in Chapter IV) is suggested to cover 
this proposal in the case of rotating machinery. The 
addition of this table to Chapter IV makes unnecessary 
Table 200 in Chapter ET} 

Other chapters in the present Seniors contain 
similar tables of temperature rises such as, for example, 
Tables 501 and 502 for oes motors and Table 601 
for transformers. 


APPLICATION OF THE EMBEDDED DETECTOR 
METHOD OF TEMPERATURE MEASUREMENT 
The present rules require the use of this method in 
all machine stators with cores having a width of 50 
em. (20 inches) or over, and in all machines of 5000 volts 
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TABLE 400—TABLE OF LIMITING OBSERVABLE TEMPERATURE RISES 
For machines for operation in locations where the ambient temperature will not exceed 40 deg. cent. for air. 


Ss Method or | Limiting Observable Temperature,Rise 
$2 Methods of 
5 3 Items Measure- = 
FAA ment Class O Class A Class B 
Required Insulation Insulation Insulation 
1 35 50 
Windings on stators with Open Type ee & = ae ||| ee ee 
cores of less than 50 cm. (20 or 2 40 55 ; 
inches) length if voltage is less 
than 10,000 volts. 1 40 55 
Insulated wind- Enclosed Type SS ee | a ee eS es ee 
ings other than or 2 45 60 
1 2-3-4 
2 Armature winding on stators With two coil sides 3a No applica- 
iS) with cores of not less than 50 cm. per slot tion 
ss (20 inches) length; also on sta- 
a tors of all machines of 10,000 With only one coil side No applica- 
n volts and over. per slot tion 
v4 
) Single layer field windings with exposed surfaces Open Type 1 45 60 
n 2 | uninsulated and cast copper windings 
> Enclosed Type 1 45 60 
2 1 35 50 
I Open Type Se SS I ee 
S or 2 40 55 
3 Wire field windings 
| T 40 55 
Enclosed Type a se 
or 2 45 60 
4 Short-circuited insulated windings 1 45 60 
1 35 50 
Open Type a fee en ee en oF ee Se ee 
Windings in slots such as d-c. armature windings or 2 40 55 
N 5 | and wound rotors of induction motors pee 
3 1 40 55 
a Enclosed Type So — — — — | — — — — 
29 
2 pees or 2 45 60 
Z 1 40 55 
© 6 Single-layer field windings with exposed surfaces uninsulated................ ee ee eee 
< or 2 45 | 60 100 
Z — 
a 1 35 50 
z, 7 ‘Wiareiholdawindings?: , 2eh. scholasdioe hake obeuelem alien ah as 4.0 etn MRSS SS | Se |] FS 
a or 2 40 55 
ap ae 
8 Field windings of turbine type generators............. 0c cece cece teen cees 2 No applica- 100 
tion 
9 SHOEC-CICULOOG. HISUIALOULWANGINGES fio «chet ciate) ipecte sil slascte.« sins letalanelalinelsseleete 1 45 60 
or more, if rated over 500 kv-a. regardless of core if any, demand on the part of users, for this method 


width. 

It is proposed to retain the 20-inch core limit, but 
change the voltage limit to 10,000 volts. The exact 
wording of this proposal is given under Item 1, Table 
400. 

The investigations of the Rotating Machinery 
Subcommittee have shown that the differences be- 
tween winding temperatures, inside and outside the 
core and inside and outside the insulation of the em- 
bedded portion of the coils, are small in machines of 
less than 20 inches core length and of less then 10,000 
volts, as these machines are ordinarily designed. For 
these machines, therefore, the thermometer or resist- 
ance methods of measurement are adequate. 


The opinion exists, in some quarters, that the 20 
inch core limit is too low. This results in turbo- 
generators as small as 500 kw. being equipped with 
embedded temperature detectors, and experience has 
shown that, in such small machines, there is little, 


of measurement, either for test or for regular operation. 
Opinion, abroad, is also in favor of a considerably 
higher limit in size before this method becomes applic- 
able. If a change were made to 40 inches, the 1500- 
kw. 3600-rev. per min. turbo-generator would be about 
the smallest generator in which the detector method 
would be used. 

The purpose of this paper is, as stated in the begin- 
ning, to stimulate discussion of the general subject 
and to invite the opinion of Institute members on the 
proposals that are referred to. It will be of value and 
of considerable assistance if a large number of written 
discussions are brought out. Written discussions sent 
in after the meeting will also be of service to the Stand- 
ards Committee (if the author may presume to speak 
for the Committee) in the consideration of these mat- 
ters during the coming Institute year. 


Discussion 
For discussion on this paper see p. 529. 
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HE principle employed in the A.I. E. E. Standards 
T for determining the limiting temperature rises 

as a basis for rating is the so-called hottest-spot 
principle. The hottest-spot temperature is the bench 
mark or original point of reference and the limiting 
observable temperature is derived fromit by subtracting 
a temperature that represents the difference between 
this temperature and the highest temperature that it 
is possible to measure by commercial methods. This 
difference is known in the A. I. E. E. Standards, as 
the ‘‘conventional allowance.” 

This basis for determining limiting observable tem- 
peratures can searcely be criticized on theoretical grounds. 
It has been criticised, however, and with reason, be- 
cause of the practical difficulties attending the evalua- 
tion of the conventional allowance. These practical 
difficulties have been greatly increased by the concep- 
tion of the conventional allowance as an attribute of 
the method of measurement alone, resulting in a single 
conventional allowance for each recognized method of 
measurement. 

Experience in building up standards under this 
principle has shown that it is impossible for a single 
value to satisfy all the practical situations arising. 
The conventional allowance with a certain method of 
measurement will vary with the total temperature or 
temperature rise; this has led to the suggestion that 
different values of conventional allowance be assigned 
for the different temperature limits of the different 
classes of insulation. But, even with a given method of 
measurement and a given limiting temperature the 
proper conventional allowance may still vary con- 
siderably because of the widely different conditions 
existing in different applications. For example, a 
conventional allowance for the thermometer method of 
measurement (with Class A Insulation temperature 
limits) may vary considerably in these several applica- 
tions: A small induction motor stator winding, a large 
wire-wound shunt field coil, or an air-blast transformer 
winding. Or, to consider another class, the conventional 
allowance for the resistance method of measurement 
(with Class B insulation temperature limits) may vary 
considerably in a turbine type generator rotor winding 
and ina relatively small railway motor armature 
winding. 

A consideration of these facts has led many engineers 
away from the idea of a single value of the conventional 
allowance applicable to a given method of measurement 
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toward the idea of a conventional allowance associated 
with a single particular application. The former con- 
ception made the values of conventional allowance 
general in their application and the numerical values 
naturally became a part of the principle. The latter 
conception makes the values limited and specific in 
their use and divorces them from the general principle; 


this strengthens both the principle and the application 


of the principle to practical cases. 

The work described in this paper has been based on 
this second conception of the conventional allowance. 
It has been attempted to determine experimentally 
the value of the conventional allowance for this par- 
ticular method of measurement when applied to a given 
class of alternating-current machine stator windings 
for given temperature limits. 

This experimental work has been of two kinds: 
First, the measurement in machines of various sizes and 
voltages of copper temperatures by detectors inside 
the coil insulation) and of “observable” temperatures 
(by detectors located between the two coil sides in a 
slot) thus determining, by direct measurement, the 
data on which values of conventional allowance can 
be based; and second, an investigation of the influence 
of various factors such as insulation thickness, eddy 
current losses, core length and core temperature on the 
conventional allowance, by using a small armature 
model in which these several factors can be varied 
conveniently. 

The tests on generators have been carried out under 
the direction of the Subcommittee on Rotating Machin- 
ery of the Standards Committee and the author acknowl- 
edges, with pleasure, his indebtedness to the Committee 
for permission to publish this information. Mr. C. J. 
Fechheimer is responsible for the interpretation of the 
model test results and the development, therefrom, 
of the formulas for the calculation of values of conven- 
tional allowance and top-coil copper temperatures. 


MOobDEL TESTS 

In Figs. 1 and 2 are shown the details of a model 
designed to reproduce the temperature conditions in a 
radially ventilated armature core. 

Thermocouples are-distributed throughout the coils 
and core as indicated, so as to measure the true copper 
temperature, the temperature between coils and the 
average tooth temperature. 

The several factors whose influence on the conven- 
tional allowance it is desired to study were reproduced 
as follows: 
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‘1. In order to imitate the conditions that obtain in 
a long machine, the coil ends were blocked so that the 
cooling of the ends by forced convection was very 


0.0172 
Sheet Steel 


Wigs 
Two coils, each consisting of eighty turns of 0.095-in. by 0.122-in. d. c. ¢. 
arranged 8 by 0.095 in. wide. 


small. Thermocouples in the ends then showed nearly 
the same temperature as the copper in the embedded 
part, and therefore the longitudinal heat flow was 
negligible, thus simulating conditions that obtain at 


the middle of a long-core machine. The short-core 
machine was imitated by opening the coil ends to the 
ventilating air streams. 
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2. The temperature of the iron was altered by 
changing the speed of the blower supplying the cooling 
air. By this means the iron temperature rise was 
changed from 10.5 to 70 deg. rise for the long-core, or 
from 9 to 40 deg. rise for the short-core machine, with 
the same current in the coils. 

3. In all tests, direct current was used in the two 
coils. In order to imitate the influence of eddy currents 
the value of current in the upper coil was changed, the 
current in the lower coil being kept substantially 
constant throughout the tests. 

4. The coil insulation was nominally for 6600 volt 
wrapper but it was crowded into a smaller space than 
is ordinarily used for that voltage. The wall thick- 
ness was approximately 0.11 in. Extra insulation was 
placed between coils,as shown in Fig. 3. The extra 
insulation was about 0.32 in. thick, thus making the 


0.32 
equivalent wall thickness —=— + 0.11 = 0.27 in, or 


2 


A 


Fie. 3 


slightly greater than would be used for 13,200 volts. 
Tests were made with and without this extra insulation. 

Twenty eight different temperature tests were made 
under various conditions; the first series was equivalent 
to a 13,200-volt long-core generator with varying eddy 
current losses (varying loss ratio) and with varying 
core temperatures; similar series of tests were made for 
a 6600-volt long-core armature and for 13,200-volt 
short-core armatures. All temperature tests were 
continued until steady temperatures were attained. 
The test results of all runs are summarized in Table I 
and the results of typical runs are plotted in the ac- 
companying curves. 

Fig. 4 shows the variation in temperature rises for 
different blower speeds, equivalent to different core 
temperatures, with 20 amperes in each coil andimitating 
the long-core machine. (The reciprocals of blower 
speeds are used as abscissas in order that the curves 
approach straight lines). It will be seen that the 
maximum copper temperature and iron temperature 
curves are nearly parallel, indicating that although 
the iron temperature rise increased from 10.5 deg. to 
70 deg. the drop from the copper to the iron changed 
but little; and this small increase was largely due to 
the increase in copper temperature with resistance. 
This relation is to be expected from the fundamentals 
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TABLE I 
SUMMARY OF TESTS ON ARMATURE MODEL 


Loss Mean of | Mean of | Test top | Test bot 
Long or |Extra ins.| Fan rev. | Amps. Amps. | Ratio = |Temp. R |Temp. R |Temp. R | Temp. R |temp. Pos|2 and 3 H'coil temp.|coil temp. 
short core} bet coils | per min. | top coil | bot. coil |(/top/bot.)} Pos1 Pos. 4 @m| Iron 61 Air (2) &(3) | —4 = 0a |rise Pos. 2} r. Pos. 3 
Long Yes 150 20 / 20 i We 110 97 70 20 115.5 18.5 115 116 
4 - 200 e # < 89 78 53 12 96 18.0 96 96 
f S 300 = ‘ ‘ 73 60 37 9 78 18.0 78 78 
> 600 “ - = 57 43 22 6 61 18.0 61 61 
* a 900 " = ? 49.5 . 34.5 16.5 4.5 53.5 19.0 53.5 53.5 
*) + 1400 ; ¥ : 40.5 24.5 10.5 2.0 43.5 19.0 43.5 43.5 
- - 300 25 20 1.56 121.5 89.5 52.5 12.5 112.5 23 128.5 96.5 
sy = 1400 20 : 1.0 43 27 L260 2.2 46 19 45 47 
a 2 25 = 1.56 69 38 17 3.2 60 22 vl 49 
“ 2 os 28 a 1.96 89 47 20 4.0 71.5 24.5 90 53 
as No. 1400 20 20 1.00 42 40 11 4.0 48 8.0 47 49 
a . > 25 ‘i 1.56 66.5 55.5 14.5 6.3 63 ee) 71.5 54.5 
e ns pr 27.5 = 1:89 84.0 69.0 19 8.0 76 Z.0 91.0 61.0 
= 600 20 20 1.00 61.0 63 28 - 12.25 69.75 6.75 68 71.5 
% 3 - 25 ca 1.56 88.5 83.5 30.5 13.5 88.0 5.50 97.5 78.5 
= * ° 27.5 2 1.89 114.5 104.5 40.5 19.0 108.5 4.00 125.5 91.5 
i. 300 20 20 1.00 82.5 86.5 45.5 22.0 92.0 5.5 91.5 92.5 
= be 24.7 19.4 1.62 124.5 118.5 60.5 32.5 121.5 3.0 133.5 109.5 
S 27.5 19.6 1.97 149.5 139.5 70.5 35.5 144.5 5.0 164.5 124.5 
Short Yes 150 | 20 20 1.00 66 59 40 11 TAO) 12.5 70 73 
4 io 230 Me tS 55 47 30 8.5 60.0 13.0 58 62 
: : 310 j e 48 41 24 6.8 52.5 : by es 51 54 
= | 400 2 > $ 44 36 20 5.0 47.5 11.5 46 49 
* = 600 = i - 39 31 15 3.2 42.5 11.5, 41 44 
‘J “ 1400 ; “4 33 22 9 2.0 36 14.0- 35 37 
Be 2 2 25 . 1.56 50 31 13 2.5 46.5 15.5 55 38 
* - % 24.5 20.8 1.50 49.5 31.5 11.5 2.5 46.0 14.5 53.5 38.5 
" 5 27.5 20.0 1.90 60.0 36.0 13 2.8 52.0 16 65.0 39 
of heat flow and temperature drop. This is the first 
120 important fact to be observed. 
100 
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o Position 2 
Position 2 © Position 3 
Position.3 
Position 4 
Iron Rise 
{ 
ce) 1 2 3 4 5 
1000 
REV. PER MIN 


Fig. 5—TeMPERATURE Rise AS A FUNCTION OF RECIPROCAL 
Fig. 4—TrMPERATURE Rise as A FUNCTION OF RECIPROCAL or Fan Rev. Per Min. 
or Fan Rev. Per Mr. Twenty amperes d-c. in both coils. Ends poorly ventilated. Long core 


Twenty amperes d-c in both coils. Ends poorly ventilated. Long core, machine... 2a ,extry tne a tion, betecdn.cntis. : 
machine. % in, extra insulation between coils. ; : 


The second important fact may be noted from Figs. 
4, 5, and 6 viz., the amount or velocity of cooling air 


June 1922 


has no effect upon the total temperature drop through 
the insulation, or on the difference between copper and 
observable temperatures, (if allowance is made for the 
increase in resistance with temperature). It follows, 


° Position 2 
© Position 3 
x Position 4 
4 Tron Rise 
j_+ Average of Position (2)+(3) 
© Average of Position (2)+(3)- 


e Average of Position (2)-(4) 


@ 
°o 


RISE IN DEGREES CENTIGRADE 


20 


1000 
REV. PER MIN. 
Fic. 6—TEMPpRATURE Rise AS A FUNCTION OF RECIPROCAL 
or Fan Rev. Per Min. 


27.5 amperes d-c. in upper coil. 
No extra insulation between 


Twenty amperes dec, in lower coil. 
Ends poorly ventilated. Long core machine. 
coils. 


that changes in armature temperatures caused by 
changes in ventilation are not accompanied by any 
changes in conventional allowances. 

The third important fact is that there is substan- 
tially a constant difference between the mean of the 
top and bottom coil temperatures and the observable 
temperature rise (detector between coils,) provided 
the loss in the bottom coil is not altered and the insu- 
lation thickness is fixed. This may be seen to hold 
with reasonable accuracy whether or not the ventilation 
(or iron temperature) change through wide limits; 
whether or not the eddy current loss be materially 
changed; Figs. 7 and 8; whether the wall of insulation 
be thin or thick (provided it is not changed during a 
series of tests); or if the core be long or short. This fact 
is interesting and of value, and to our knowledge has 
not been pointed out by any one previous to this 
investigation. This temperature difference, it should 
be noted, exists in spite of equal temperatures in top 
and bottom coils. We have been accustomed to think 
that under this condition of equal coil temperature, 
the observable temperature is equal to the copper 
temperature. Such, however, is not the case because 
there is heat flow to the slot sides from the adjacent 
sides of the coils and from this series of tests a measure 
of the temperature drop caused by this flow was ob- 
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tained. Thus, (see Table I) this drop for the same cur- 
rent in both coils, was 18 to 19 deg. for iron temperature 
rises of 10.5 deg. to 70 deg., (with extra insulation be- 
tween coils); and was 10.5 deg. to 13 deg. for variations 
in iron temperature rises from 9 deg. to 40 deg. (for no 
extra insulation between coils). With variations in 
loss ratio, for a given insulation and core length, the 
change in this drop is slightly greater, but still can be 
considered as constant with reasonable accuracy. 
These relations are used in deriving the equations 
for calculating the conventional allowance. Let 
6, = the temperature rise of the copper in the top coil 
6, = the temperature rise of the copper in the bottom 
coil 
6,, = the temperature rise by detector between coil 
sides 
the temperature difference between the means of 
top and bottom coil temperatures and the 
temperature by detector between coils. This 
is equivalent to the drop in temperature due 
to heat flow to the slot sides (between coils) 
and is constant under certain conditions. 
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DEGREES CENTIGRADE RISE 


we 
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400 600 800 
Tests at 1400 rev. per min. of fan. Twenty amperes d-c. in lower coil in 
Temperature rises as a function of square of current in upper coil. 
14 in. extra insulation between coils. 
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a +f 
+ Average of Position (2)+(3) 
0 Average of Position (2)+(3)-(4) 


| © Position (2)+Position (4) 


v Air Rise 


1000 


Long core machine. 


DEGREES CENTIGRADE RISE 


400 600 800 2 
(CURRENT IN UPPER COIL) 


Ends poorly ventilated. 


Fie. 7 
By definition 
ie eon a (1) 


It is reasonable to assume that the temperature rises 
of the top and bottom coils above the temperature of 
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the adjacent core teeth is proportional to the losses in 
these coils; the ratios of these temperature rises will 
be equal to the ratio of the losses. The loss in each 


* 


> 
o 


2" | 
+ Average ‘of Position (2)+(3) 
© Average of Position (2)+3)}(4)| 


| 
10 I 7 
2] 
1 pt a 
a a j r4i © Position 2 
= Z vA o Position 3 
ps ° x Position 4 
= LA ee fo 
3 60 { iz Iron = 
oO x 4 
a 
ul 
wW 
c 
So 
w 4 
a 
= 
w 
no 
= 


| @ Av erage of Position 


rp 
oO 


100¢ 


S00 400 600 800 5 
(AMPERES IN UPPER COIL) 


Fig. 8—TEMPERATURE Risk as A FUNCTION OF SQUARE OF 
CURRENT IN UprPrer Coin 
Current in lower coil constant equals twenty amperes. Fan speed con- 
stant equals 1400 rev. per min. -Ends poorly ventilated. Long core 
machine. No extra insulation between coils. 


TABLE II 


COMPARISON OF CALCULATED AND TEST RESULTS—ARMATURE MODEL 
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ratio of coil losses be designated by L. R. and the core 
tooth temperature by 6;; then: 
6.— 8; 

L. = Op On (2) 

In the usual case, 6; and @,, are measured, and the 

constant @,, is determined by test on similar apparatus. 

The loss ratio may be estimated from eddy-current 

calculations. We then have two equations, and two 
unknowns, 6, and @;. Solving for them, 


2 (Om + 9.) + 0: (L. R. — 1) 


Par Tees El (3) 
2 L. RB. (Om + 62).— 0; (L. R.—1 
Deetepe ike aati sae 
Also from (1) 
(95 + 01) = 2 (Am + 8a) (5) 
The conventional allowance is 
9 pas (0, — 6;) (L.R.—1) +206, L. R. 


Lhe tl 
(6) 


The difference between the upper and lower coil 


temperatures is 


Test top| Cale. |Test bot.| Calc. 
Extra Cale. top| coil bot. coil coil conv. Test |Diff. bet.) same as 
Long Ins. Fan Value #a|Value of|Value of} coil temp. temp. temp. allow- 8ca_ | test and | % of pos. 
or short} bet. |rev. per) Amps.| Amps. | usedin| @iin | L Rin | temp. | rise for rise rise ance | pos. (2) | calc. |(2) temp. 
core coils min. |top coil|bot. coil] formula | formula | formula rise pos. 2 pos. 3 pos. 3 6ca tego’ (4) | pos. 2 rise 
Long Yes 150 20 20 20 70 1.0 117 115 117 116 20 18 —- 2 Ry f 
id a 200 = 2 20 53 =f 98 96 98 96 20 18 ee 2.1 
« e 300 x 20 37 = 80 78 80 78 20 18 =—"2 2-6" 
2 ¥ 600 =, * 20 22 bg 63 61 63 61 20 18 —- 2 3.3 
. . 900 = = 20 16.5 = 54.5 53.5 54.5 53.5 20 19 — 1 1.9 
“ a 1400 a = 20 10.5 hi 44.5 43.5 44.5 43.5 20 19 =—i1 2.3 
. 4 300 25 20 20 52.5 1.56 122 128.5 97 96.5 32.5 39 + 6.5 |— 5.1 
# 1400 20 20 20 11.0 1.0 47 45 47 47 20 18 — 2 4.4 
. * 25 20 20 17.0 1.56 67 71 49 49 29 33 +4 — 5.6 
. ie 28 20 20 20.0 1.96 82.5 90 52 53 35.5 43 + 7.5 |/— 8.3 
No 1400 20 20 6 11.0 1.00 46 47 46 49 6 Pi +1 — 2.12 
- * 25 20 6 14.5 1.56 72 71.5 51.2 54.5 16.5 16.0 — 5 aa 
id - # 27.5 20 6 19 1.89 92.4 91.0 57.8 61 23.4 22 — 1.4 1.5 
= * 300 20 20 6 45.5 1.00 92.5 91.5 92.5 92.5 6 5 — 1.0 x | 
C is $ 24.7 19.4 6 60.5 1.62 140 133.5 109 109.5 Za .5 15 — 6.5 4.9 
- . = 27.5 19.6 6 70.5 1.97 170 164.5 12.51 124.5 30.5 25 — §.5 3.3 
600 20 20 6 28. 1.00 69. 68. 69. 71.5 6. 5 = 4-0 1.4 
= . . 25 = 6 30.5 1.56 102.5 97.5 76.8 78.5 19. 14 = &0 5.1 
s - - 27.5 . 6 40.5 1.89 132. 125.5 89.2 91.5 27.5 21 — 6.5 5.2 
Short Yes 150 | 20 20 13 40 1.00 72 70 72 73 13 11 -— 2 2.9 
“ ~ 230 * 4 13 30 1.00 60 58 60 62 13 11 — 2 3.5 
24 ms 310 rs x4 13 24 1.00 54 51 54 54 13 10 — 1 2.0 
# * 400 V4 = 13 20 1.00 49 46 49 49 13 10 = 1 2.2 
£ a 600 id = 13 15 1.00 44 41 44 44 13 10 — J 2.4 
os 2 1400 A “ 13 9 1.00 35.0 35 35.0 37 13 13.0 0.0 | 00.0 
- «4 e 25 ., 13 13 1.56 50.7 55 37.3 38 19.7 24 + 4.3 |- 7.8 
| . 24.5 20.8 13 1155 1.50 51.2 53.5 37.9 38.5 19.7 22 + 2.3 |— 4.3 
s . of 27,5 20.0 13 13.0 1.90 60.0 65.0 38.0 39.0 24 29 +5 = wail 
coil is the J? R loss plus the eddy current loss, both of 
: : : : : 2 Om + 9. —-63) (LR. — A)... 
which can be calculated in a given case.’ Let this (6:— 4s) = ee Te ee eee (7) 


1. See Eddy Current Losses in Armature Conductors. 
R. E. Gilman, A. I, E. E. Transactions 1920; also article by 
8. L. Henderson, Electric Journal, September 1920, giving prin- 
cipal formulas with examples. 


Equation (4) then gives the top coil temperature 
rise, and equation (6) gives the conventional allowance. 
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It remains to establish the variation of 9, with core 
length, insulation thickness and rate of heat flow. This 
can be done from the results of the model tests and the 


@a- K x Watts per in” in Lower Coil x eddy 
Factor Lower Coil x insul. Thickness a 


0 10 20 30 40 50 60 + 70 
CORE LENGTH-INCHES 
Fia. 9 


generator tests described later. It will be noted that 
the following values were obtained for the conditions 
tested and were used in obtaining the calculated values 
given in Table II. 

For 13,200-volt insulation and very long core 


For 13,200-volt insulation and very short cores 
ASE SIT ec Re Rae a 13 deg 


For 6600-volt insulation and very long core.... 6 deg: 
The value 8, remains constant with varying loss 

ratios, varying core temperatures and with constant 

loss in the bottom coil as shown by the model tests. 


No tests were made with varying loss in the bottom 
coil but a little consideration will show that the heat 
flow to the slot sides (and consequently the value of 
@,) will vary in proportion to the rate of heat flow from 
the bottom coil (or the watts per square inch of coil 
surface). 

It is also assumed (from the fundamentals of heat 
flow) that 6, is proportional to the insulation thick- 
ness. We may then write 
6, = K X watts per sq. in. X insulation thickness (8) 


In this expression K varies with core length. In 
long core machines (say over 60 inches) the heat 
generated in the copper at the center of the core is 
transmitted wholly across the insulation wall to the 
core. As the core length diminishes a greater part of 
the heat generated in the copper at the center of the 
core is transmitted along the copper to the external 
coil ends and the part transmitted across the insula- 
tion wall diminishes. The effect of variation in core 
length, therefore, is to vary the watts per square inch 
transmitted across the insulation wall. The relations 


(say in excess of 60 inches)....... 20 deg. between core length and division of heat flow between 
TABLE IIt 
Rating Test Conditions Data under Test Conditions Maximum Temperature Rise 
i 2 I uy ) 
2B eee 4 Nel ee a g oe ra he e 
g aes -|Aen| gS | e8| 3 & Be Ags |, & | ei Se 1 eS 
5 b> a ‘a 5 ,8 | AO AG | o fe! a A 1S at os) E 
Z 8 lass Brice & Ince te AOS =a 3 =) ak en ee 
© 8 Se 5 €/25|2 e|7oleze/es Seleel| « (fa 5.3 
5 g Blais s(a8/5. | BA | Be | Be a8i/281| 5 /8~l|as! . 
ro) ° po = ae) fF Oo Qa. 5 wv 5 a io) }° Q - D a 
E & 0 B o | 2 pr oS SS av oe |mR g& |3 Perel 
= ra a&)/gs8}bw|] So as} Ks} =~ a Q eel ea) 
es se LE Sami Eo Lal =< oh Ce as) ie Loss | & ey a Q 
A. Volts |Amp | M. Volts | Amp. = = aa a Ratio S 
1 | 1250} 60 2300 |313 300 | 14 0.125} 2300} 313 0 | 3410/1.02 {1.00 |1.02 | 1.004] 1.016 | 46.6 | 52.7 51.4| 44.5] 1.3 
2 | 1250] 60 2400 |300 3600 | 33.5/ 0.138) 2400 | 300 0 | 2170 | 0.584] 0.564/]1.106/1.07 | 1.03 53.0 | 48.5] 48.2] 37.0] 4.8 
2400 | 383 0 | 2770} 0.950 | 0.920} 1.106/1.07 | 1.04 73.5 | 67 68.0! 44.0) 5.5 
3 | 1560; 60 2200 |410 3600 | 46 0.162] 2000 | 451 0/1820] 0.455 | 0.391]1.215/1.04 |}1.16 | 68.3] 58.9 46.2 | 32.5 |12.7* 
4 | 3000} 25 2300 |750 750 | 33 0.125} 2300 | 545 0/1860 |0.400/0.392|)1.02 |1.004/1.015| 30 32.3 32.3; 25.4] 0.0 
1835 | 753 0 | 2580 |0.764|0.750}1.02 | 1.004] 1.015) 41.5} 45.5 45.5 | 32.5] 0.0 
5 | 3125) 62 2300 |785 750 | 25 0.115] 2300] 559 0/1890 | 0.504] 0.449] 1.215] 1.084/1.12 | 45 48.5 48.5] 41.0} 0.0 
1940 | 785 0 | 2660 | 0.991 | 0.886] 1.215!1.084/1.12 | 59.5| 65.0 64.0 1.0) 
6 750! 60 6600 | 65.6) 300|14.5|0.131| 6600] 58.3 0 | 2200 | 0.577 | 0.562} 1.03 | 1.004} 1.025) 35 36 34 2.0 
7 | 1250] 25 6400 |113 300 | 13 0.182} 6400) 113 0 | 2460 | 0.766 | 0.760} 1.008 | 1.000| 1.008 | 55.8) 61.3 59.4]40.8| 1.9 
8 | 2450} 25 6600 |214 750 | 25 0.175| 6600) 180 0 | 2090 | 0.533 | 0.527 | 1.026] 1.014] 1.009} 33 35 29 25 6.0 
9 | 2500] 60 6600 |219 240 | 13 0.117} 6600} 219 0.},2670 | 2.714 1.25, 107455 106. | £037, | 78.5) 75 74 72 62.5} 3.0 
10 | 5500} 60 6600 |481 225 | 22.5|0.144|] 6600 | 481 0] 1970|0.790}0.63 |1.34 |1.07 |1.25 | 77.5] 68.5 | 65 63.5 | 60.5) 5.0 
11 | 6000} 60 6600 |525 600.| 21.5|0.142] 6600 | 525 0 | 2510} 1.278|1.01 {1.35 |1.07 |1.26 | 83.8] 82.5) 79.5) 72.1] 61.9 10.4 
12 |12000| 60 6600 |1050 150 | 33 0.165| 6600 | 960 0} 1820 | 0.821 |0.645/1.58 |1.24 |1.27 | 78.3] 72.6 64 54 8.6 
13 | 2500) 50 | 11000 |131 750/15 0.24 0} 131 s. c.! 224510.62 |0.595]1.061/1.02 |1.04 | 38.4 29.8]28.0] 8.6 
under exc. 
: 11000 | 131 O 2300] 0.814] 0.756] 1.186|1.026)1.15 | 68 76 66 10.0 
14 | 2500) 50 | 11000 |131 750 | 16 0.211 over, exc. : 
ee 11000 | 131 0 | 2300 | 0.874 | 0.756 | 1.186 | 1.026] 1.15 95 88 7.0 
15 | 1250) 50 | 15000! 48 750 | 20 15000 | 48 .90 32 33 52 28 26.5] 5.0 
15000 | 72 .95 51.5 | 52.5 41.5|37.0/11.0 
16 ! 3500} 50 | 10000 | 202 750 | 27 10000 | 250 0 56.5} 61t | 60 48.5}43 !12,5 


In machines 1-4-5-7-8-13-15-16—10-inch resistance detectors are used; those inside main insulation are in contact with cotton covering of wires; 
other machines have thermocouples and couples inside insulation are in contact with bare copper. All detectors are located in center of core, lengthwise. 


*Temp. affected by flux from field augmenting loss in upper coil. 
tBottom of bottom coil. 
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the transverse and longitudinal paths are quite com- 
plicated, but these have been investigated and the 
general shape of the curve is known.? 

The curve, Fig. 9, showing the relation between K 
and core length has been arrived at from a considera- 
tion of these general relations, and the experimental 
data from both the model tests and the tests on 
machines. The data from the model tests with extra 
insulation between coils have not been used (except as 
an indication of the relative variation of K with core 
length) because of the known fact that the heat con- 
ductivity of laminated insulation varies greatly with 
and across the laminations.* . With the extra insulation 
between coils as used in the model, the layers of the 
insulation were not rounded, as would be the case with 
coil insulation, but lay flat. See Fig. 3.  Conse- 
quently the side flow of heat was greater and the tem- 
perature drop was greater than in the usual case. 
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of the A. I. E. E. arranged to make tests on generators 
of three different manufacturers to obtain data that 
would be useful in the revision of the temperature 
limits of large machines using the embedded tempera- 
ture detector method of measurement. 

Tests were made on sixteen generators ranging in 
size from 750 kv-a. to 12,000 kv-a. at various voltages 
from 2300 volts to 15,000 volts and speeds from 150 
rev. per min. to 3600 rev. per min. Very large turbine 
type generators were not included in this program, 
because another series of tests on such machines had 
previously been arranged. 

The tests conducted by the subcommittee were made 
in the testing departments of the several manufacturing 
companies. Each test was supervised by the member 
of the subcommittee located at the plant. In all of 
the machines detectors were built into the armature 
coils to measure the temperature of the copper of the 


TABLE IV 
[@ (test) 
: ae 
| Cale. Tested (calc.)] 
; Insula- | Watts value value x 100 
Machine Core Value tion {|persq.in| Cale Loss Cale. Tested | conven- | conven- 

No. length of K  |thickness| bottom | value 6,| ratio Om 6; .. | value 6¢ | value 6¢ |tional all.|tional all.| 6? (test) 
1 14 42 0.125 1.00 5.25 1.016 51.4 44.5 56.8 $2.7 5.47 1.3 —- 7.8 
2 33.5 60 0.138 0.564 4.65 1.03 48.2 37 53).2 53 5.0 4.8 = .38 

0.920 7.65 1.03 68.0. 44 76.3 73.5 8.3 5.5 = 3.8 
3 46 63 0.162 0.391 4.00 1.16 46.2 32.5 51.6 - 58.9 5.4 £2. 7* + 14.2 
4 33 59.5 0.125 0.392 2.90 1.015 32.3 25.4 35.3 32.3 3.0 0.0 - 9.3 

0.750 5.50 1.015 45.5 32.5 51.3 45.5 5.8 0.0 — 12.7 
5 25 54.5 O.115 0.449 2.82 1.12 48.5 41.0 51.9 |; 48.5 3.4 0.0 ai 7.0 

0.886 5.60 1.12 64.0 54t 70:5 65.0 6.5 1.0 — 8.5 
6 14.5 43 0.131 0.562 3.18 1.025 34 33t 37.9 36.0 3.9 2.0 = 4.5. 
« 13 39 0.182 0.760 5.40 1.008 59.4 40.8 64.8 61.3 5.4 1.9 = 65.4 
8 25 54 OLL75 0.527 5.0 1.009 29 25 34 35 5 6 + 2.85 
9 13 39 : 0.117 1.25 Saye” 1.37 72, 62.5 80 75 8.0 3.0 — 6.25 

10 22.5 52 0.144 0.63 4.7 1/25 63.5 60.5 69.1 68.5 5.6 5.0 - 8.7 
1l 21.5 50 0.142 0.63 1.2 1.26 72.1 61.9 81.4 82.5 9.3 10.4 + 1.09 
12 33 60 0.165 0.645 6.5 iy 64.0 54.0 72.5 72.6 8.5 8.6 + 1.3 
13 15 43 0.24 0.595 6.25 1.04 29.8 28 36.3 38.4f 6.5 8.6 + 6.0 
14° 16 44 0.211 0.756 a 0 1.15 66 58T 74.4 76 8.4 10 + 2.1 | under exc. 

0.756 7.0 iTS 88 70t 96.8 95 8.8 v4 + 1.87] over exc. 


*Temperature affected by flux from field augmenting loss. 

tiron temperature assumed, not given from test. 

tOn copper of top of upper coil. 

Note: 
tests on other machines. 
when the loss ratio is high. 


In equation (8) the watts per square inch refer to 
the bottom coil, the watts being the J? R loss at 75 
deg. cent., plus the calculated eddy current loss in the 
bottom coil at the same temperature, and the surface 
being that of the bare copper, omitting the side adja- 
cent to the top coil. The insulation thickness is taken 
as one-half the difference between slot width and bare 
copper width. 


GENERATOR TESTS 


At a meeting held November 4, 1920, the Rotating 
Machinery Subcommittee of the Standard Committee 


2. Longitudinal and Transverse Heat Flow in Slot-Wound 
Armature Coils. C. J. Fechheimer, Journau, A. I. HE. E., 
March, April and May 1921. 

3. The Thermal Conductivity of Insulating and other 
Materials, T. S. Taylor, Electric Journal, December, 1919. 


Iron temperature at bottom of slot. ~ 


Iron temp. not given from tests: The iron temperature rises by thermometer were increased by amounts indicated by 
The iron temperature, as used in formula, has small influence upon the copper temperature, except 


top coil and detectors were located between coil sides. 
In some of the machines detectors were also located 
inside the insulation of the bottom coil and between 
the top coil and core tooth. 

The essential design information and test results are 
given in Table III. | 

A word of caution may be required against using 
these generator tests directly for estimating probable 
or reasonable limiting values of conventional allow- 
ance or measureable temperature rise. The generators 
selected for test were, in six cases, of shorter core length 


than the limit set in the Rules for the detector method 


of measurement; in five cases were for low voltage; 
in three cases were for low frequency; and in general 
were of such size and characteristics that low rises and 
values of conventional allowance should be expected. 
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The entire class of large turbo generators was inten- 
tionally excluded. But while these tests may not be 
used directly for determining probable limiting values, 
they are as good as any for the purpose employed in 
this paper; viz., for checking the validity of the method 
of calculation that is developed from the model tests. 
The formulas derived from the results of the model 
tests have been verified by checking values of the top 
coil temperature and conventional allowance calculated 
by them against the measured values of the machines 
tested. The results of this comparison are shown in 
Table IV. This agreement is sufficiently close to 
warrant the statement that the conventional allowance 
can be calculated with a fair degree of accuracy for any 
machine when the following data are available: 
1. Observed temperature rise by detector between 
coil sides. 
2. Observed temperature rise of tooth by detector 
at side or bottom of slot. 
3. Ratio of copper loss to coil surface. 
square inch.) 
4. Eddy current losses (loss ratio). 
5. Thickness of insulation. 
6. Length of core. 


As might be expected, some of the test results do not 
check with the calculated results as closely as others. 


The two units No. 4 and No. 5 show practically no 
difference between the copper temperature and observ- 
able temperature.. These two machines are among 
those having ten-inch detectors inside the main coil 
insulation (in contact with the cotton covering on the 
wires) instead of thermocouples in contact with the bare 
copper. With thin insulation (for 2300 volts) low loss 
ratios and low temperature rise, the conventional 
allowance will be naturally low and the method of 
measuring the copper temperature will have a relatively 
large influence on the measured difference between the 
copper and observable temperatures. 

Unit No. 3 shows a higher measured conventional 
allowance than can be accounted for. This is a two- 
pole turbo-generator and the designer explains this 
discrepancy by the existence of extra losses in the top 
coil caused by the penetration of main rotor flux into 
the slot. 

As will be evident by considering the method of 
derivation, the formula for calculating the top coil 
temperature gives the temperature of that part of 
the top coil adjacent to the bottom coil. (Position 2, 
Table III). In generators having small eddy current 
losses, this is the maximum temperature of the top 
coil; in generators having larger eddy current losses 
or in which the main field flux penetrates the slots, thus 
producing additional eddy current losses, the tempera- 
ture of that part of the top coil adjacent to the air gap 
(Position 1, Table III) is the maximum. This is 


(Watts per 


illustrated by the following figures taken from Table 


Ill. 
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Position 1 Position 2 

: top of bottom of 
Unit No. L.R upper coil upper coil Diff 
3 1.16 68.3 58.9 9.4 
9 RE 56 78.5 75 Bae" 
10 1.25 Ch D: 68.5 9.0 
11 1.26 83.8 82.5 ES: 
12 E27 TSd 7226 Ta’ 


In the comparison between measured and calculated 
top coil temperatures, the test values given in Table IV 
are for Position 2 in every case, and this fact should be 
considered in drawing any conclusions as to the probable 
range of values of conventional allowance in practise. 


CALCULATION OF THE CONVENTIONAL ALLOWANCE 
FOR LIMITING CASES 

The only values of the conventional allowance that 
are of interest from the standpoint of standardization 
are those that exist at the limiting copper temperatures. 
In determining the proper value of the conventional 
allowance for the temperature limit of Class A insula- 
tion, for example, the values of the conventional allow- 
ance that exist when the copper temperature is 105 


TABLE V 
CALCULATED CONVENTIONAL ALLOWANCES 
6600-Volt Insulation—105 deg. Copper Temperature. 
Insulation Thickness—0.15 inch 
Calculations are based on long core machines, 


Top coil temp. 
TSG Aas kien eo 65 65 65 65 65 65 65 65 65 
Core temp. rise. .|25 35 45 |25 35 45 25 35 45 


Temp. drop 

through ins.. .|40 30 20 40 30 20 40 30 20 
Watts per sq. in., 

DOD sre stande kets 0. 8,11 0..65.10.. 0.8 | 0.6 | 0.4 0.6 | 0.4 
Loss ratio....... 1.10) £.10) 1510) 1.20), 1.20) 1:20) 1.40) 1.40) 1.40 
Watts per sq. in., 

HOt. a: assis, 0.73] 0.54] 0.36} 0,67] 0.50] 0.33] 0.57] 0.43] 0.28 
ikstaerakk Bere aal a teiestatis 7 Bs2 [ede D | G.di | 4.8 jdee, fl Osb | Aob . 2.8 
Oidn ik ete wee ...-|56.2 158.4 |60.6 [55.1 157.7 |60.1 [53.8 |56.6 |59.4 
Conventional 

allowance.....! 8.8! 6.6! 4.4 ]9.9 | 7.3 } 4.9 111.2 | 8.4 1 5.6 
deg. are the only ones that are of interest. It is pos- 


sible, then, to assume various sets of conditions (all 
of which result in 105 deg. copper temperature) and to 
calculate the conventional allowance, and, in that way, 
obtain a quantitative idea of the range of values of the 
conventional allowance at the assumed limiting copper 
temperature. 


TABLE VI 
CALCULATED CONVENTIONAL ALLOWANCES. 
13200-Volt Insulation—105 deg. Copper Temperature. 
Insulation Thickness—0.25 inch 
Calculations are based on long core machines, 


TASC sic eacisiein' 65 65 65 65 65 65 |\65 65 65 
Core temp. rise. |25 35 45 25 35 45 25 35 45 


Temp. drop 
through ins. .|40 30 20 40 30 20 40 


Watts per sq. 


in:.,,tOp?. <...4:- 0.48 | 0.36] 0.24) 0.48] 0.36) 0.24) 0:48] 0.36) 0.24 
Loss ratio...... 1.10 | 1.10] 1.10} 1.20) 1.20) 1.20} 1.40} 1.40) 1.40 
Watts per sq. 

in {Dott «<2. 0.435] 0.33] 0.22] 0.40] 0.30] 0.20) 0.34) 0.26) 0.17 
Oop asa) Pt Mele xe oe 7.0 5.2 | SPS0] 6. 5-) 4.8 15822 Bae PMTs eee 
Bag cs irehe eaiece = 56.2 |58.4 |60.6 [55.1 [57.7 |60.1 |53.8 |56.6 |59.4 
Conventional 

allowance....| 8.8 6.6) 4.419.9 | 7.3 | 4.9 |11.2°):8.4'| 5.6 


522 


Tables V and VI show such calculated values of the 
conventional allowance for 105 deg. total copper 
temperature and for insulation thickness corresponding 
to 6600 volts and 13,200 volts. The figures in each 
table cover a reasonable range in core temperature and 
in loss ratio (eddy current factors) to fairly represent 
current design practise. 

In Tables V and VI, the values of core temperature 
and loss ratio are arbitrarily taken so as to cover the 
range of current design practise. The temperature of 
the top coil (@;) follows from 105 deg. minus 40 deg. 
air temperature. The temperature drop through the 
insulation is then 65 deg. minus the core temperature. 
Knowing this temperature drop, the watts per square 
inch follows from the thickness of insulation and heat 
conductivity of the insulation. (This is assumed as 
0.008 watts per inch cube per degree). Dividing the 
watts per square inch of the top coil by the loss ratio 
gives the watts per square inch of the bottom coil. 
The constant K and @, and the observable temperature 
rise @,, can then be calculated and the conventional 
allowance obviously follows. The measureable tem- 
perature rise (6,,) is calculated from equation (9) which 
is merely a transposed form of equation (4): 


6, +-6; 6.— 06; 
re eee is 


These calculated values are based on long machines, 
say sixty inches and longer. A little consideration 
will show that, for a given copper temperature, the 
conventional allowance is practically the same for 
all core lengths. Generators, as ordinarily designed 
have the same current density and ratio of loss to coil 
surface for a considerable range of core lengths. This 
results in shorter-core machines having lower copper 
temperatures and smaller conventional allowances, as 
a rule, than longer-core machines. But, if machines of 
short core length were designed with higher current 
densities and smaller cooling surfaces so as to have the 
same limiting copper temperature as_ long-core 
machines, the conventional allowances would be sub- 
stantially the same. Therefore, for the purpose of 
establishing reasonable values of conventional allow- 
ance, core length need not be considered. 

It will be observed from a comparison of correspond- 
ing columns in Tables V and VI that while the watts 


6, = 


mW hs (9) 
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TABLE VII 


CALCULATED CONVENTIONAL ALLOWANCES. 
13200-Volt. Insulation—125 deg. Copper Temperature. 
Insulation Thickness—0.25 inch 

Calculations are based on long core machines. 


Top coil temp. 

85 85 85 85 85 85 85 85 85 

Core temp. rise. |30 40 50 30 40 50 30 40 50 

Temp. rise 
through ins... 


Watts per sq. 


55 45 35 55 45 35 35 


. 66) 0. 
eg os bg 


54] 0. 
10)" E. 


42| O. 
10} 1. 


66| O. 
20) 1. 


54| O. 
20| 1. 


42) 0.66) O. 
20} 1.40) 1. 


-42 
-40 


: 0.49) O. 
Gage aareisis ate art 96" | 79 16 
5 


.45| 0. 
; 5 
72.9 175.1 |77.2 


-1 |76.5 


Conventional 
allowance.... 


[2d | oo) tee 8.5 115.5 


per square inch for 6600 and 13,200 volts are different, — 
the values of 4,, 0, and conventional allowance are 
identical. In other words, the conventional allowance 
with given copper temperature, core temperature and 
loss ratio, is independent of insulation thickness. For 
purposes of standardization, therefore, no distinction 
need be made between low-voltage and high-voltage 
generators, within the range of generator sizes for which 
the detector method is specified. The reason for 
this will be evident from equation (9). The only term 


24 


ny 
Co 


= 
fon) 


12 


PROBABLE TEMPERATURE DIFFERENCE BETWEEN TOP COIL 
COPPER AND MEASURABLE TEMPERATURE BETWEEN COILS. 


100 


0 20 40 60° 80 
TOP COIL COPPER TEMPERATURE RISE (®) 


120 140 160 


TABLE VIII. 

CALCULATED CONVENTIONAL ALLOWANCES. 
13200-Volt Insulation—150 deg. Copper Temperature. 
Insulation Thickness—0.25 inch 
Calculations are based on long core machines, 


Top coil temp. rise (61)......... 


110 110 110 
Core temp. rise ( 9i) (assumed). . . 40 50 60 
Temp. drop through insulation. . . 70 60 50 
Watts per sq.in. (topcoil)....... 0.84 0.72 0.60 
Loss ratios(assumed)........... 1510 1510) 1.10 
Watts per sq. in. (bot. coil)...... 0.76 0.64 0.55 
Dali. Cals ste's Bias Be. tine ed view der chate « 12:2 10.2 8.9 
OT PR er ree Ce 94.8 96.8 98.8 
Conventional allowance......... 15,2 14.2 11 


Fia. 10 
110 110 110 110 110 110 
40 50 60 40 50 60 
70 60 50 70 60 50 
0.84 0.72 0.60 0.84 0.72 0.60 
1.20. 1.20 1.20 1.40 1.40 1.40 
0.70 0.60 0.50 0.60 0.51 0.43 
11.2 9.6 8 9.6 5g 425 6.9 
92.8 96.4 97.9 90.4 94.0 95.9 
172 13.6 2c): 19.6 16.0 14.1 
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in this equation affected by Eeicion thickness i is 6. 
This term, it will be remembered, is 

6, = K X watts per sq. in. X insulation thickness (8) 
But, for constant copper temperature, the product of 
watts per square inch and insulation thickness is 
constant, and therefore, §, is constant under the 
assumed conditions. 

Tables VII and VIII give similar values of the con- 
ventional allowance for higher copper temperatures. 
Only one value of voltage and insulation thickness is 
given for reasons just explained. 

The results given in these tables give an idea of the 
probable range in value of the conventional allowance 
at the limiting copper temperatures for a wide range in 
values of design factors. These tables could be ex- 
tended to cover lower and higher core temperatures, 
and loss ratios, but it is believed that the values chosen 
are representative of usual design practise, keeping in 
mind the assumed condition of a fixed copper tem- 
perature. 

These results are grouped in curve form in Fig. 10. 
The limits of the cross-hatched area are the maximum 
and minimum values for each assumed copper tem- 
perature rise from Tables VI, VII and VIII. It 
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represents the range of probable values that may be 
expected in practise. 


There have been two propositions advanced as to 
suitable values of conventional allowance for use in 
arriving at limiting values of temperature rise for the 
A. I. E. E. Standards. The first proposition starts with 
the value of 5 deg. now in the Rules assigning this to 
Class A insulation temperature limits and doubling this 
for Class B insulation temperature limits. The second 
proposition doubles these figures. These two proposi- 
tions are shown by the heavy lines in Fig. 10. 
Obviously, the 5 deg.-10 deg. proposition is not ade- 
quate to meet the facts, nor is the 10 deg.-20 deg. 
proposition unduly conservative when it is remembered 
that the upper limit of values shown in Fig. 10 would be 
appreciably increased if: (a) allowance were made for 
increased top coil temperatures caused by the increased 
eddy current losses in that part of the top coil nearest 
the air-gap; and (b) if allowance were made for the 
probability of higher temperatures existing in the 
individual case than are discovered. 


Discussion 
For discussion of this paper see p. 529. 


Temperature Limits in Large Machines 
BY PHILIP TORCHIO | 


Fellow, A. I. E. E. 
Chief Electrical Engineer, New York Edison Company 


Review of the Subject.—The present Institute standards 
allow a maximum limit of 105 deg. for fibrous insulation and 125 
deg. for mica insulation with an allowance of 150 deg. subject to 
special guarantees of the manufacturer. In high-voltage machines 
of large size, the effect of actual copper temperatures higher than 
106 deg. may cause softening and disappearance of binding materials, 
bulging of insulation, and consequent powdering of insulation 
under periodic pounding of copper on softened material, and toniza- 
tion at voids so created. 

Operating experience of four large size machines demonstrated 
the above effects to repeatedly take place in machines operating at 
copper temperatures of 150 deg. cent. None of these effects were noted 
in machines operating at copper temperatures of 105 deg. cent. or 
under. Two machines have safely operated for over three years at 
maximum copper temperatures of 180 deg. cent. Incorrect con- 
clusions may be made as regards the safe temperature limits by 
judging the performance of machines unless actual copper tem- 
peratures are known. Lower ambient temperatures and fractional 
loads may reduce the operating temperatures 26 to 35 deg. below the 
assumed limits. 

Machines designed for high temperatures are less efficient than 
machines designed for cool temperatures, in one instance the difference 
being as great as several hundred kilowatts at all loads. 

The calculation of ventilation of large machines is relatively 


uncertain; it is of importance to aim at a conservative limit rather 
than set it too near the danger point. 

From the standpoint of economy as well as greater safety, tt 
appears that large machines should not be operated at higher copper 
temperatures than 105 deg. cent. This means that with outside 
air ventilation seldom exceeding 20 deg., the maximum standard 
limit with the standard reference of 40 deg. ambient should be 125 deg. 
equivalent to 85 deg. maximum rise at the copper. In all cases 
where the room atr is close to 40 deg. the maximum copper rise 
should be limited to 65 deg. 

Other correlated and important features discussed incidentally 
in the paper are the typical proportionality of life at different 
temperatures for fibrous insulation, and the new tentative conven- 
tional allowance for reducing to maximum copper temperature, 
readings taken outside the insulation. 
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INTRODUCTION 
N response to the request of the Electrical Machinery 
Committee that I prepare this contribution, I 
will review the actual temperatures experienced 
with machines in service and some of the essential 
features which must be given due weight in the inter- 
pretation of such experiences. 

The two limits established by the Institute are 105 
deg. cent. for fibrous insulation, and 125 deg. cent. or 
mica insulation, with an allowance of 150 deg. cent. 
for the latter, subject to special guarantees of the manu- 
facturer. As the established standard ambient tem- 
perature is 40 deg. cent., the designer is allowed for 
his machine a maximum temperature rise at any point 
on the copper of 65 deg. for fibrous insulation and 85 
deg. for mica insulation, with an optional 110 deg. rise, 
subject to special guarantee. 

Note:—(All temperatures given in this paper refer to actual 
copper temperatures and degrees Centigrade.) 

1. “The standard ratings of Westinghouse alternating turbo- 
generators are based on two different methods of determining 
capacity : 

First. A rating with gurantees covering performance at 
normal loads and definite overloads, momentary peak loads 
being within the guaranteed overload capacity. 

Second. A rating corresponding to the maximum safe 
operating capacity of the particular machine in question, with 
no guaranteed overload capacity. 

This method of maximum rating originated with the New 
York Edison Company and, though comparatively new, has 
much initsfavor.” (The Westinghouse Diary for 1912, page 23.) 


Presented at the Annual Convention of the A. I. E. E. 
Niagara Falls, Ontario, June 26-30, 1922. 


These are the outstanding and essential bases of 
A. I. E. E. rating. 


In former years, it was the practise to use a double 
standard of rating, allowing a rise of 50 or 55 deg. 
for normal loads, and 70 or 75 deg. for overloads, equiva- 
lent, for modern machines, to 90 or 95 deg. tempera- 
ture limit for normal loads and 110 or 115 deg. for 
overloads. 


The writer introduced, fifteen years ago, the method. 
of single rating for turbo-generators which, in the 
following years, became generally used.1 In 1914 
the Institute adopted the single rating for a larger 
class of apparatus like motors, transformers, etc., 
adopting the aforesaid temperature limits for the two 
classes of insulation. 


This was done with the object of simplifying the 
problem for the manufacturer and the user of appa- 
ratus. In substance, the limit of 105 deg. adopted 
for fibrous insulation was arrived at by striking an 
approximate average between the two former limits 
of 90 to 95 deg. for normal loads and 110 to 115 deg. 
for overloads; the limit of 110 deg. for mica insulation 
with the optional 150 deg. limit was intended to apply 
principally to large turbo-generators and large machines. 

Considerable objection was raised to the adoption 
of single rating for commercial motors and in some 
cases for central station apparatus. 

It is not my object here to take any sides in the 
dispute, which is apparently becoming smoothed out 
and adjusted. 
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It is more important to present a comprehensive 
survey of the relations, as they now can be ascertained, 
which have existed in practise between the rated 
temperature limits and the actual temperatures sus- 
tained by the apparatus in service. 

Before doing this, it is important to approximately 
define the relations which different stresses, due to 
voltage, temperature and time, vibration and me- 
chanical stresses, bear to the life of the insulation. 


rary 


rary 


YEARS LIFE OF INSULATION 


100 105 
TEMPERATURE DEG.CENT 


ULON TIS. 120 12554 130 


Fic. 1—Lire Curve or Fisrous INsunatTion as AFFECTED 
BY TEMPERATURE 


EFFECT OF VOLTAGE 


It is now a well recognized fact that all insulating 
materials, including mica, will be destroyed by ioniza- 
tion, ‘f any air voids are present in the insulating cover- 
ing of an electrical conductor and the potential gradi- 
ent at these points exceeds the limit of about 75 volts 
per mill. Imperfections in the material like small 
iron impurities, will also cause distortions of potential 
gradients and accentuate the danger of ionization or 
reduce the effective thickness of insulation. It follows, 
therefore, that as a general rule the experience with 
life of insulating materials is only applicable within 
the limits of voltage of the apparatus investigated. 


EFFECT OF TEMPERATURE AND TIME 


Up to a few years ago, there was an impression in 
the minds of operating people that a machine rated 
for 110 or 115 deg. two- or three-hour overload— would 
operate safely if the overload was limited to two or 
three hours in each day but would be rapidly destroyed 
if the overload was carried for much longer periods 
inoneday. ‘The fact that these short overload periods 
usually covered the occasional peak requirements 
took away from the operators the inducement to study 
more closely what higher temperatires would have 
prevailed if the occasional overloads had been carried 
for more than two or three hours, and what would have 
been the effects on the insulation. 

In recent years considerable progress has been made 
in coordinating the relations which exist between 
temperature, time of application and resultant deteri- 
oration and shortening of life. In a paper presented 
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before the Institute in February, 1921, I gave abstracts 
of results of the classic tests of the British Engineer- 
ing Standards Committee of 1905, and extended the 
discussion to experiments made on paper insulation 
and the observation of considerable investigation of 
conditions of paper insulation used in cables subjected 
to occasional high temperatures. At the same meeting 
D. W. Roper presented results of similar observations, 
while Fisher and Atkinson gave an experimental for- 
mula for determining the reduction of life strength 
of paper subjected to different temperatures. From 
these and other studies made on fibrous insulation, 
it is possible now to plot a characteristic curve of the 
effect of temperature upon the life of fibrous insulation 
if not otherwise affected by ionization or mechanical 
stresses. While the actual years of life at different tem- 
peratures are not established by experience, the relative 
proportionality of the length of life may safely be rep- 
resented by the relation given by the curve in Fig. 1. 
This tentative curve would roughly indicate that, 
other things being equal, a machine operating at 
105 deg. will have a life of 50 per cent of a similar 
machine operating at 95 deg. Similarly, if we operate 
a machine 90 per cent of the time at 95 deg. and the 
remaining 10 per cent of the time at 115 deg., the life 
of the machine will be 77 per cent of the virtual life 
at 95 deg. for 100 per cent of the time. From this 
law we can now more clearly see how the double rating 
may have practical advantages. 

From similar studies on mica insulation, there appears 
to be no doubt that aside from the influence of ioniza- 
tion due to voltage and mechanical stresses, mica 
insulation can safely withstand almost indefinitely 
high temperatures probably as high as 200 deg. 


Fig. 2—Five-Day AvpRAGE or Maximum Arr TEMPERATURES 
IN New York City ror THE YEAR 1921 


EFFECT OF VIBRATION AND MECHANICAL STRESSES 

Vibrations are obviously always present in rotating 
machinery due to movement and reactions of the ro- 
tating elements and the periodic pounding of the insu- 
lation due to the drag of the rotating field and the 
abnormal heavy blows under system short circuits, 
ete. With well wrapped and unimpaired insulation 
and well supported coils, these stresses will not affect 
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the elastic limits of the materials, but if the copper 
temperature is high, the varnishing materials in the 
insulation may distill and loosen the binder, allowing a 
play for the copper to pound and powder the insulation 
as a continuous drop of water will hollow out astone. 
Stresses in the insulation are also imposed by different 
rate of expansion and contraction of the copper and 
the insulation under large changes of temperatures 
which may cause bulging and voids in the insulation 
between the insulating slots, with consequent ioniza- 
tion if the voltage stresses are sufficiently high. 

The possible damages to insulation due to vibrations 
and mechanical stresses are, therefore, to be looked 
for mainly in machines of large power and relatively 
high voltages where ionization may ensue. From the 
coexistence, in large power machines, of high tempera- 
tures with high voltages, failure may be caused either 
by bulging of insulation due to uneven expansion and 
contraction, or powdering of insulation due to soften- 
ing and disappearance of the varnishing materials. 

Where only low pressures of around 110 volts are 
present, relatively high temperatures like 110 deg. for 
fibrous insulation do not appear to destroy the use- 
fulness of the insulation. Where voltages are high, 
the mechanical stresses must be seriously considered 
for temperatures higher than 105 deg. for all types of 
insulation. 
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Fig. 3—CHARACTERISTIC TEMPERATURE Rise or Two GENE- 
RATORS FROM No-Loap To Funu Loap 


OPERATING EXPERIENCE 


In analyzing practical experience of life of insulation 
on electrical apparatus, it is very important that 
weighty consideration be given to the foregoing three 
characteristic factors of service. We would be in 
error to conclude that because satisfactory results 
were obtained with certain limiting temperatures in a 
certain class of machines, similar service could be 
obtained in other classes of machines. 

One of the greatest difficulties in making comparisons 
of practical experience with apparatus in different instal- 
lations is the uncertainty of the actual temperatures 
which have actually prevailed in the machine. 


The most common error made by engineers dis- 
cussing temperature limits is to assume that a machine 
rated for say 105 deg. if insulated with fibrous mate- 
rials, or 150 deg. if insulated with mica, because it 
has operated successfully for a number of years, there- 
for 105 deg. or 150 deg.. have proved satisfactory in 
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practical service. Nothing can be further from the 
truth than such assumptions. 

The machine may be cooled by air usually 10 to 
20 deg. lower than the 40 deg. standard .ambient. 
Fig. 2 gives the five-day averages of maximum daily 
air temperature for 1921 in New York City. These 
show, at a glance, the large margin between the actual 
maximum temperature throughout the year and the 
assumed 40 deg. base of reference. 

The machine may never have carried the rated load, 
so that instead of the 65 and 110 deg. rises allowed 
for the full rated loads, the actual rises in operation 
at partial loads may have been 10 or 15 deg. less. 
Fig. 3 shows characteristic temperature rises for two 
machines from no-load to full load. As large turbo 
units are operated at the most economical point at 
75 per cent to 80 per cent of full rating, the actual 
rise in operation at those loads may be at least from 
10 to 15 deg. less than at full rating. 

The result of these and other variable conditions of 
service is that the actual temperatures sustained by 
the machine may have been 25 or 35 deg. lower than 
the assumed limits. As the vast majority of the ma- 
chines operate under such conditions, it becomes of 
vital importance that when we speak of temperature 
limits, we clearly state whether we mean the actual 
temperature or an arbitrary figure assumed for pur- 
poses of commercial ratings and arrived at by striking 
a reasonably safe limit, which, on account of the afore- 
said service conditions, it is not expected to be reached 
in practise by the vast majority of the machines. If 
in applying the results of our experience we will elim- 
inate from consideration all machines which, while 
nominally rated at say 105 deg. or 150 deg., in practise 
have only operated at 20 or 30 deg. below those limits, 
we will come to consider only relatively few cases 
where actual temperatures of 105 or 150 deg. have 
really obtained. 

Only from the experience of such machines can we 
derive conclusions as to safe temperature limits. 

The maximum copper temperatures of the machines 
in the following illustrations were obtained either by 
direct copper temperature measurements or by adding 
to the highest reading of the thermometer detectors 
between coils an allowance calculated on the basis of 
21% per cent of that rise over the inlet air for each thou- 
sand volts of the rated voltage of the machine. This 
correction seems to be as close as we can ascertain 
from elaborate tests which are under way under the 
auspices of manufacturers and large users. 

In interpreting: these records, it must be remembered 
that these maximum temperatures were present only 
during the period of peak load less than four hours a 
day, and generally of much shorter duration. For 
the balance of the time, the copper temperatures were 
lower than the indicated maximum, mainly on account 
of lower loads and sometimes on account of lower 
temperature of the inlet air. 
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Fig. 4 gives the log of maximum temperatures sus- 
tained by one turbo-generator, which has had several 
failures, and Fig. 5 the log of maximum temperatures 
representative of three turbo generators, two of which 
have had several failures. The characteristic features 
of these failures were either bulging insulation, pow- 


, JULY 


SEPTEMBER | OCTOBER 


sesseag S8e0882 


So 


odSesSSaees 


Fic. 4—CHARACTERISTIC OPERATING CONDITIONS 


21,000-ky-a., 1500-rev. per min., 11,000-volt generator 
(1) Daily maximum kw. load 
(2) Daily maximum copper temperature 
(3) Inlet air temperature 

For failures, see curve of machine A in Fig. 6. 


dering of filler and mica at edges of copper windings 
or overheating of iron laminations. 

The records of coil burn-outs of the three machines 
which had failures are graphically plotted in Fig. 6 in 
reference to total hours of service between failures. 
The third machine of the same type as B and C operated 
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Fie. 5—CHARACTERISTIC OPERATING CONDITIONS 


For three 19,000-kv-a., 1800 rev. per min., 8000-volt generators 
(1) Daily maximum kw. load : 
(2) Daily maximum copper temperature 
(3) Inlet air temperature ‘ 
For failures of two units, see Curves of machines B and C in Fig. 6 


under the same conditions of service without failures, 
though when the coils were removed they showed the 
same characteristic features of impaired insulation. 
The records of failures of machines designed for high 
temperatures could be extended, but the writer was 
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not able, within the very short limits of time allowed 
for the preparation of this paper, to secure the nec- 
essary details of operating temperatures and hours of 
service to make the presentation complete as in the 
case of the three machines A, B and C. ; 

In Fig. 7 are given the maximum copper temperatures 
representative of five machines, one of which has 


MACHINE | 


> In Service 
f + 


+ + 
—aCoil Failure on Voltage Test 
sy Rewourd for Higher Voltage 

si 


Oee 49678 20406 6 2047168 2463 2 46" 8 
10,000 20,000 30,000 40,000 50,000 
NUMBER OF HOURS IN SERVICE 
Fig. 6—Recorp or GENERATOR Cor, FAILURES 


Machine A—21,000-ky-a., 1500-rev. per min., 11,000 volts 
Machines B and C—19,000 ky-a,, 1800-rey. per min., 8000 volts 
Refer to Figs. 4 and 5 for operating conditions 


operated for eight years, two for over two years and 
two for five months, without failures. 

In Fig. 8 are given the maximum copper temperatures 
representative of two machines which have operated 
from three to four years without failures. 


NOVEMBER 


Fig. 7—CHARACTERISTIC OPERATING CONDITIONS 


For four 35,000-kv-a., 1500-rev. per min., 11,000-volt generators 
one 30,000-ky-a., 1500-rey. per min., 11,000-volt generator 
(1) Daily maximum kw. load 
(2) Daily maximum copper temperature 
(3) Inlet air temperature 
No coil failures have occurred on these machines. 
One in service for eight years, two for two years, and two for five months. 


These data cover varied experiences with large ma- 
chines of different manufacturers. 


DEDUCTIONS FROM EXPERIENCE 


From this experience it appears that we would be 
justified in concluding that mica insulation would 
not safely withstand temperatures of 150 deg. in high- 
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voltage turbo-generators. This conclusion would seem 
to be in disagreement with the often repeated statement 
that mica insulation on the original Niagara generators 
safely withstood temperatures as high as 185 deg. for a 
long period of years. If, however, we apply to that 
experience the consideration of the three factors with 
which I prefaced this presentation, and recollect the 
special circumstances of the Niagara case, involving 
heavy copper bar windings in a generator armature 
of relatively smaller length than in large turbo-generators, 
relatively smaller kw. power per pole, relatively slower 
speed, and a very moderate pressure of 2200 volts, 
we would conclude that these conditions are so essen- 
tially different from the conditions existing ina modern 
large size, high-speed, high-voltage generator that such 
experience is of no real value in our problem. 


Fia. 8—CHARACTERISTIC OPERATING CONDITIONS 
12,000-volt generators 


For two 35.000-ky-a., 1200-rev. per min., 
(1) Daily maximum amperes load 
(2) Daily maximum copper temperature 
(3) Inlet air temperature 

No coil failures have occurred on these machines. 

In service three and four years. 


The experiences I have reviewed should lead us to 
the conclusion that maximum copper temperatures 
of not exceeding 105 deg. for mica insulation in high- 
voltage turbo-generators should give safe operation. 
Temperatures around 150 deg. are unsafe. It is 
probable that some higher maximum temperature than 
105 deg. might prove satisfactory. To what extent 
the limit of 105 deg. might be safely raised is a question 
which cannot be definitely settled in the HEELS of the 
experience available. 


ENGINEERING AND ECONOMICAL CONSIDERATIONS 

Having arrived at the conclusion that, with the 
present knowledge, about 105 deg. should be the limit- 
ing copper temperature in large machines, the question 
arises whether it is practical and economical to impose 
such a limit on the industry. 

From an engineering standpoint, there appears to 
be no difficulty in building 105 deg. generators larger 
than required for the largest size steam turbines that 
have been produced for the two speeds of 1200 and 
1500 revolutions. For the 1800- and 3600- rev. per min. 
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speeds, the 105 deg. generators are today close to 
the limits of the steam turbines, 7. e., about 8000 
kv-a. and 35,000 kv-a. at 85 per cent power factor 
for 6000-kw. and 30,000-kw. steam turbines. If im- 
provements in the steam turbine will make it feasible 
to increase the capacity of the 3600- and 1800-revolu- 
tion turbines, it seems reasonable to expect that corre- 
sponding improvements will also be made to permit 
the construction of correspondingly larger generators 
without increasing the temperature limit. 

There is, therefore, no engineering obstacle to the 
adoption of about 105 deg. limiting temperature for 
the largest sizes of machinery now built. There re- 
mains only to be considered the question of economy. 
Does the 105 deg. limit make the cost of the machine 
unjustifiably high? 

Unquestionably, a machine designed for a high 
temperature is cheaper than a machine designed for a 
cool temperature. A difference of say 25 deg. may 
make a sensible difference in cost. On the other hand, 
the machine designed for a cool temperature will be 
more efficient than the machine designed for a high 
temperature. It is difficult to evaluate in dollars 
per kilowatt to what extent these differences will affect 
the net results. 

For an approximation, I would make a rough guess 
that the purchaser would be justified in paying $1 per 
kilowatt more for the cooler machine for the saving in 
higher efficiency.2,. This would leave the purchaser the 
net advantages of the greater factor of safety of the 
machine designed for cool operation. 

As to the manufacturer, I cannot state how far the 
$1 would go to cover the increased cost of the cool 
operating machine especially if, in large size machines, 
he should be compelled to use more and higher quality 
iron and more copper and insulating materials. How- 
ever, the fact that machines of large sizes designed for 
cool temperatures are commercially produced and 


2. From tests for losses and efficieney of two generators 
under load conditions, using the air measurement method, are 
obtained the following comparative results: 

Machine No. 1, having a temperature rise at maximum load 
of 120 deg., gave the following efficiencies of generator: 


oh retnim aad ea Sci 91.9 per cent 
34 Load.. 93.8 per cent 
Full Leadic 94.9 per cent 


Machine No. 2, ares a femporaturs rise at maximum load 
of 80 deg., gave the following efficiencies of generator: 


OM ODO Ch, tr re eee ead pee 94.6 per cent 
34 Load. 96.1 per cent 
Bulljboadis<wentk Aciexked 96.8 per cent 


The total losses of machine No. 1 exceed those of machine 
No. 2, as follows: 


Wy ANGE arene Fan oe ea ge naka 331 kw 
Of DOGG eee ae ees 389 kw 
Fob. ead. 63.« ni Qs net 405 kw 


Even allowing for inaccuracies {n the method of measurement, 
the results illustrate the point that, at least in this ease, the cool 
machine had a materially higher éfficiency than the hot machine. 
While with other machines the differences may not be as great, 
they will undoubtedly be of sufficient value to produce a sen- 
sible saving at the coal pile in the operation of the cool machine. 


June 1922 


marketed would seem to indicate that the 105 deg. 
limit does not impose unjustifiably high costs of manu- 
facture. 

The result of these considerations is that while 
nominally the machine designed for cool temperature 
is somewhat more expensive to build than a machine 
designed for high temperature, its slightly increased 
cost is more than balanced by its greater efficiency and 
greater reliability. 


VALUE OF GREATER RELIABILITY 

There is undoubtedly general agreement that, other 
things being equal, a machine designed for cool tem- 
perature is safer than a machine designed for high 
temperature. To find the value of this greater. safety 
we must consider that with the rapid growth of the 
central station industry, two new factors are becoming 
of primary importance. 

One is, that with increased size of generating units 
and fewer of them in a station, it becomes imperative 
to obtain a greater factor of safety. Also, with the 
expansion of the systems and superpower line inter- 
connections over large areas, the load factors on the 
generating plants tend to increase, requiring longer 
service from each generating unit. 

The other is that, with the development of new plants 
improvements always become available in the art, 
like utilization of higher steam pressures, higher super- 
heat, higher boiler economy, less heat losses in gases, 
better economy of auxiliaries and better heat balance. 
To secure the economy of this better efficiency, new 
generating units in old as well as new stations must be 
operated. to carry the base loads of the system while 
the older units are operated to carry the balance of 
the loads of shorter duration. Therefore, the burn- 
out of an armature in a modern generator is vitally 
serious, not so much for the damage and cost of repairs, 
but mainly for the loss of business, if it cripples the 
system, at the time of peak loads, and the increased 
cost of operation of older and less economical units 
while the large new unit is out of service for repairs. 
With prevailing prices of coal, the failure of a large 
unit may cause a loss in production costs alone of 
$500 to $600 a day for each day the machine is out 
of service for repairs. If the failure also happens at 
a time when the service would have to be crippled, 
the losses would be incalculably ‘serious. 

CONCLUSIONS 

Central station managers are keenly alive to the 
necessity of securing the most reliable apparatus to 
safeguard their interests and the interests of the public 
they serve. Designers must approach the problem 
of producing machines of highest reliability. Central 
station engineers should cooperate with the -manufac- 
turers in standardizing for all bidders the same limit 
of temperature so as to place the competitive business 
on equal terms. The present Institute rule which 
specifies 85 deg. copper rise for mica insulation but also 
allows 110 deg. cent. subject to special guarantees is 
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not right. Only one standard should be adopted for 
the best interests of all concerned. The limiting 
copper rise of 85 deg., which corresponds to the present 
conventional limiting temperature of 125 deg. for the 
conventional 40 deg. standard ambient temperature, 
appears to be the maximum safe limit dictated both 
by reasons of economy and safety. With this conven- 
tional limit of 125 deg. it should be understood that in 
practise it would be expected that the temperature of 
the inlet air would be around 20 deg. instead of 40 deg. 
so that the actual operating temperature would be 
about 105 deg. In all special cases where the inlet air 
is near 40 deg., as with machines in Fig. 4 and Fig. 7, 
the rise should be limited to about 65 deg. instead of 
85 deg. 

The manufacturer, in taking a conservative stand 
on such an important question, must also consider the 
practical point that the calculation of the ventilation 
of a large machine is relatively uncertain so that the 
results may be several degrees higher than calculated. 
It becomes, then, of practical importance to aim at a 
lower limit to permit of some higher variations to which 
the user may adjust himself without requiring expen- 
sive changes, rather than to set the limit too near the 
danger point so that any higher deviation would neces- 
sitate derating the machine or subjecting it to early 
failures. 


Discussion 


QUESTIONS RELATING TO STANDARDS OF RATING 
(NEWwurRY); 
PROBABLE VALUES OF CONVENTIONAL ALLOWANCE 
FOR A-C. GENERATOR STATOR WINDINGS (Newsury) 
TEMPERATURE LIMITS IN LARGE MACHINES 
(ToRcHIO) ; : 
Niagara Falls, Ontario, June 28, 1922 

W. J. Foster: I agree closely with Mr. Newbury’s con- 
clusions and with his recommendations regarding the method of 
rating machines by temperature rise and also the figure that he 
has mentioned as the ultimate temperature rise of Class B 
insulation in the armature windings. 

This paper of Mr. Newbury’s on the Conventional Allowance 
is a fine example of laboratory work, but I consider it like all 
laboratory investigations, something that should be used with 
caution in applying the results. 

There are differences in the way in which the temperature is 
attained in the different parts of the Laboratory Model that 
vary very widely from what exists in rotating electric machines. 
For example the temperatures of the iron are obtained by heat 
entirely from within the coils embedded in the slots, while in 
the ordinary machine, only about one-half of the heat is generated 
in the coils. 

Now, in the case of the heat originating inside of the insulated 
coils, it is necessary to have the temperature attain a very much 
higher value in order to bring the core up to the temperatures 
that are carried through the investigation as shown in the tables 
ranging from something like 10 deg. to 70 deg., and consequently 
the embedded detector which lies in the line of the heat dissipa- 
tion has quite a different temperature; in other words, the dif- 
ference between the inside temperature of the coil and the 
embedded detector is in my opinion, greater than in the average 
rotating electrie machine. Similarly, the variations that are 
taken to represent the different types of machine—long core, 
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short core and the different potentials, I do not think should be 
taken as equivalent to test results on actual machines. 

I speak of this, because I do not want it to be generally 
imagined or thought there will be a 15-deg. difference, between 
the measured temperature and what may exist inside. 

In these investigations, concerning which I have a great deal 
of interest, having more or less charge of such investigations in 
our company, fully one-half of the machines referred to in Mr. 
Newbury’s paper, the inside temperatures at the ratings of the 
machines, in many cases were no higher than those measured by 
the deteetor, indicating no drop whatever, which is not unreason- 
able. The fact is, we can conceive of a machine so designed that 
the temperatures in the inside of the insulated coils are no higher 
than at the spot where embedded detector is located outside the 
insulated coil. 

Such machine would involve a broad slot, and thin insulation, 
and a very narrow temperature detector, and the machine very 
conservatively rated, with certain relations existing between the 
_ heat generated in the iron and that in the copper. 

I was very much pleased with Mr. Torchio’s paper, since it is 
a contribution along the lines that are very greatly needed. It 
is experience that should be taken as the basis of standardization. 
In my opinion, standardization should not anticipate too much 
the possible progress that may be made. We should know our 
ground well, before we standardize for the future. Standardi- 
zation is largely a matter of present knowledge, based on past 
experience. 

As I understand Mr. Torchio and Mr. Newbury, the 80 deg. 
allowable temperature rise is recommended, and I am in sym- 
pathy with basing the rating on temperature rise, rather than 
hot spot temperatures. As I understand it, this 80 deg. rise is 
to be considered good practise, but the upper limit of good prac- 
tise. 

R. F. Schuchardt: The great importance that attaches 
to this subject is due not only to the millions of dollars invested 
in these large units, but also to the fact that the reliability of the 
service, and also in large measure the safety of the system, are 
involved. 

Mr. Torchio deserves the gratitude of the industry for the 
most heroic insistence and persistence with which he has fought 
for conservatism in this line, and I want to voice my accord with 
his position. As a result of his work this compromise of 80 deg. 
has been reached. From the very limited data that areavailable, 
this must of necessity be a compromise. 


On the one hand, the maker naturally is optimistic over his 
own work, and perhaps he has more faith in the materials than 
the user would have, and feels that a higher temperature makes 
for greater progress. It is entirely natural he should feel that 
way. The engineer, who has these large systems to operate, 
on the other hand, believes that reliability is the first thing to be 
sought, and the very last thing to be given up. Because of their 
comparatively high economy, these large units must be as 
dependable as it is possible to make them. The economy is 
realized only when these units are in condition to be operated 
on the base load. The operating engineer, therefore, naturally 
does not take the same optimistic view of the situation as the 
manufacturer might. He must be conservative. 

We have heard that some of our foreign colleagues feel that 
higher temperatures are advisable. Without data, that seems 
to us as accepting a shorter life, and particularly for the very 
large units with the long coils. It is not entirely a question of 
the temperature that the materials themselves will withstand, 
so much as the mechanical result of the expansion and contrac- 
tion, due to these large ranges in temperatures. 


I think the evidence of the failures in Mr. Torchio’s machines 
- indicate it is not the temperature itself that caused the break- 
down, so much as the effect of expansion and contraction—the 
mechanical rubbing on the mica, and grinding it up. 

In conclusion, the thing we should do first is to cooperate to 
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get more data, but meanwhile the user, because of his responsi- 
bility for safety and for reliable service must be conservative. 


W. F. Dawson: I think, with the gentleman who spoke 
before, that we are to be congratulated on this compromise, as 
we call it, because I: know there are some members of the Insti- 
tute who think the value is too low, and others who think it is too 
high. I personally think that they have decided on a splendid 
value for the rating of Class B insulation in stators. 

There is one feature about the temperature of 100 deg. cent., 
which I do not think has been mentioned, although it may have 
been hinted at. Nothing has been said about the possibility of 
aging of armature steels at high temperatures. I have not had 
any personal experience with aging, but I do know from the 
experience of transformer designers that steels which are not 
alloyed, which are not the silicon steels, will not stand continuous 
operation at 150 deg. cent., without a large increase in the loss. 

As I understand it, this happy compromise allows 80 deg. rise 
with the ambient temperature of not over 40 deg. That makes 
120 deg., and when one adds the hot spot correction, of, say, 10 
deg., gives total of 130 deg. That is high enough, but I believe 
it is not too high. ; 

I think that Mr. Newbury recommends 100 deg. rise in field. 
That seems reasonable and I don’t think we need go down to 80 
deg. rise. 

You can say that you want something reliable to be able to 
understand what the manufacturers are bidding on—yes, but 
you want something which is competitive too, to get the most in 
capacity, for the dollars you put into your investment. We do 
not want to fix any false standards we cannot live up to. 


R. B. Williamson: I feel very much gratified to see that 
we are going back to the idea of specifying a straight tempera- 
ture rise. Machines have been built for a great many years 
under a specification of 40 deg. cent. rise by thermometer for 
Class A insulation. — 

Now, in the case of Class B insulation on stators, we are con- 
sidering 80 deg. rise, with the difference that instead of specifying 
it by thermometer we are specifying it by imbedded detector and 
omitting all temperature corrections. This simplifies the 
whole method of determining temperatures, and it is in effect 
simply going back to the former method except that the measure- 
ment is made in a different way. 

Mr. Schuchardt has brought up an important point in connec- 
tion with Mr. Torchio’s paper. That is, it is not, whether 80 
deg. or 90 deg. is safe for mica, because we know that mica in 
itself will stand higher temperatures than these, but it is a ques- 
tion as to the mechanical effects of the high temperature on 
insulation. It has been demonstrated by Mr. Torchio that high 
temperatures may affect the binder causing thé insulation, in 
some cases to loosen to a certain extent; we then have the con- 
dition of loose conductors in a magnetic field, and these are 
bound to vibrate more or less and chafe the insulation, so that 
a breakdown finally results from the mechanical action rather 
than from the heat. In rotors, the insulation will stand these 
high temperatures without trouble, because the miea is held very 
firmly mechanically, and there is not the opportunity for vibra- 
tion that exists in’the stator. Also in the rotor the voltage is 
low whereas in the stator of large machines the voltage is usually 
high. 

C. E. Skinner: Referring in Mr. Torchio’s paper to Figs. 4, 
5 and 8, the graphs showing the temperatures of these machines. 
Mr. Torchio states that the temperatures are either from copper 
measurements or are arrived at by a method giving the equivalent 
conventional allowance. Now, these particular machines 4 and 
5, are older machines, and they have heavy, solid conductors, 
while the machine referred to in Fig. 8 has laminated conductors. 
It is very possible, therefore, that the differences in Figs. 4 and 5, 
as against Fig. 8 are greater than the figures givenin Mr. Torehio’s 
graph, for the reason that the eddy currents, particularly in the 
top conductor, are probably very much greater in the first two 
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machines than in the later machines, and consequently the 
earlier machines have a greater hot spot temperature than the 
graph would indicate. 

I think that may possibly account for the greater difficulty of 
the earlier machines. 

F. W. Peek, Jr.: I do not believe that it is good engineering 
to use insulations at extreme temperatures. It is my opinion 


that the Sub-Committee has come to a fortunate conclusion in 
adopting this principle. 
In connection with Mr. 


H. L. Wallau: Torchio’s paper, 
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Fie. 1—Oprrratine Loa No: Pernpkscudvensror' Lake 
SHorE Sration For 5 Monrus or 1921, 25,000 Kw., 11,431 
Vouts, 1800 Rev. per Min. 


1. Daily Maximum Kw. Output 

2. Daily Maximum Field Temperature 

3. Daily Maximum Armature Coil-Temperature 

4. Daily Temperature of Intake to Air Washer-Field temperatures 
calculated from rotor resistance. 

Dotted lines indicate no recorded readings. 
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Fig. 2—Oprratinae Log No. 9 Turso-Grenrerator, Lake 
Snore Station ror 3 Monrus or 1921, 25,000 Kw., 11,430 
Vouts, 1800 ‘Rev. rer MIN. 

1. Daily Maximum Kw. Output 

2. Daily Maximum Field Temperature 

3. Daily Maximum Armature Coil Temperature 

3A. Daily Maximum Calculated Temperature on 234 Per Cent In- 


crease per 1000 Volts 
4, Daily Temperature of Intake to Air Washer 


Dotted lines indicate no recorded readings. 


there have been a certain number of experiences in Cleveland 
which may be of interest. 
as to what limiting temperature shall be standardized for large 
turbo-generators is of vital importance to. the central station 
industry, and requires thorough and painstaking investigation. 
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Mr. Torchio’s curve, Fig. 1, showing the life curve of fibrous 
insulation based on the data obtained by three independent sets 
of investigators is very interesting, but is limited to the effect of 
temperature alone and cannot of course, show the combined 
effects of temperature, mechanical stress and ionization. 

It is possible that the shape of this curve holds true for Class 
B insulation although by definition the ‘“‘binder is used for 
structural purposes only, and may be destroyed without im- 
pairing the insulation or mechanical qualities of the insulation.” 
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Fic. 3—Orrrating Log No. 10 Turso-Grenrerator, LAKE 
SHorE Station ror 6 Monrus or 1921, 25,000 Kw., 11,431 


Vouts, 1800 Rey. per Min. 


1. Maximum Daily Kw. Output 

2. Maximum Daily Field Temperatures 

3. Maximum Daily Copper Temperatures 

4. Maximum Daily Temperature of Intake to Air Washer 
Dotted lines indicate no recorded readings. 
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Fig. 4—Recorp or Generator Com Fainures 


Hours out of service for rewinding armature and field are deducted from 
these given hours. 


If this is strictly true the life curve for Class B insulation as 
affected by temperature alone, probably would be quite flat over 
arange of 150 deg. cent. in temperature. 

Fig. 2 shows that the average air temperature in New York is 


much nearer 20 deg. than 40 deg. cent. with a maximum for the 


year of 32 deg. cent. 
This is roughly typical of our lake cities, but i is probably Hak 


532 


lower than temperatures prevailing in the Mississippi Valley 
during the summer months. 

It would therefore seem that the standard ambient reference 
temperature of 40 deg. cent. should be retained. 

Mr. Torchio’s Figs. 4, 5 and 6 indicate conditions prevailing 
in his plant quite at variance with those obtaining in Cleveland. 
In general, no machines.in Cleveland have been operated at 
armature temperatures of 145 deg. to 155 deg. cent. maximum. 

The bulk of the Cleveland load is an alternating-current 
industrial supply, the power factor averaging about 80 per cent 
during the day. 

This condition has resulted in making the field temperature 
the limiting factor and it is our practise to limit the field tempera- 
ture to 125 deg. cent. The operating temperature is determined 
by resistance measurement. 

Armature temperatures as determined by imbedded eoils or 
thermo-couples have generally not exceeded 70 deg. cent. except 
in the ease of one unit. This unit has reached 122 deg. cent. 
and making the correction suggested by Mr. Torchio of 214 per 
cent increase per 1000 volts computed on the rise above air has 
reached the 149.2 deg. cent. (Manufacturer guarantees 150 
deg. cent. safe operating temperature). 

Charts Figs. 1, 2 and 3 for three units similar to Mr. 
Torchio’s Fig. 4 are appended. A chart Fig. 4 similar to 
Fiz. 6 is given showing the pertormance of our horizontal 
units. In each ease the upper line refers to the field and the 
lower to the armature. 

[t will be noted that we experienced field trouble on units 
No. 2, 7 and 8 and armature trouble on units No. 1, 2, 7 and 9. 
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All of these units are in commission. 

The maximum armature temperature (by thermometer) 
reached by any unit was 69 deg. cent., and the approximate 
average armature temperatures during the summer months 
have been 55, 58, 50 and 50 deg. cent. respectively since instal- 
lation. 


Fig. 6—ARMATURE LAMINATION SHOWING PorTIONS SuB- 
JECTED TO HicgH TEMPERATURES WHICH DESTROYED INSULATING 
VaRNIsH No. 9 GENERATOR 


The maximum field temperatures (by resistance) reached 
were 93 deg. for the coolest field to 109 deg. cent. for the hottest 
field, that of No. 5 unit. For all that, this is the one unit on 
which no field trouble has occurred. 


In practically all cases armature failures have been accom- 
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Fig. 5—TEmPeRATURE ReEavines on No. 1 Turso-GEnEeRATOR LAKE Suore Sration Startine Aprit 4, 1921 ro OctosEr 31, 1921 


The life without failure in years was 


Unit No. Field Armature 
1 -—- 4.17 
2 3.59 3.03 
ie 5.42 5.42 
8 1.82 — 
9 —_— 1.82 
10 — — 


(Dashes indicate no failure to date.) 


The record of our vertical 14,000 and 15,000 kv-a., 1 power 
factor, 11,430-volt units is as follows: 


Unit Installed Repairs Date Elapsed time 

No. 3 Sept. 1911 | Field reinsulated July 1920 8.8 yrs. 

. ie Aug. 1911 - 6. May 1918 (ye Mae 

“5 | Dec. 1912 | Norepairs o.5 -< 

“ 6] Oct. 1913 | Grounded field re- May 1918 £564 % 
paired 


Fic. 7—ANoTHER PorTION OF OVERHEATED ARMATURE CorE 
No. 9 GENERATOR 


panied by more or less pulverization of the mica, indicative of 
mechanical pounding, often by bulges in the eee aa bl 
in air pockets and consequent ionization. 
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The armature failures of two of our horizontal units were 
plainly the result of grounding of the corona shields in certain 
slots. On rewinding these shields were omitted. 

' In the case of a third unit, this was suspected but could not be 
definitely established. 

The fourth unit which failed ran hotter than the others from 


Fig. 8—A Portion or A Damagep Coin THAT CrossEeD TEN 
Air Ducts. Cori BuxueGep AND INSULATION CRACKED AT EDGE 
oF Ducts. No. 9 GENERATOR. 


Fig. 9—Cuiose UP or Fic. 3—SHowina Buuars anp Pow- 
DERED Mica INSULATION AND Errect or Sratic. No. 9 
GENERATOR. 


Fig. 10—Cuose Ur or Oruer Sipe or BuucE No. 3 SHOWN IN 
Fic. 4—No. 9 GENERATOR 


Fig. 11—Cuosre Ur or ANotHER ButGe in A DamageEp Col. 
No. 9 GenrRATOR 


the beginning. In installing the armature coils it seems that the 
slots were filed to allow the windings to be inserted. It is our 
belief that the burrs resulting from this filing, caused severe 
local heating in the laminations. In the accompanying cuts, 
Figs. 6 to 12, the lightly shaded areas show the spots where 
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the insulating varnish on the laminations had been completely 
destroyed. 

It was necessary to install an entire set of new laminations as 
well as a complete armature winding. 

Two other illustrations Figs. 13 and 14 show the condition 
of various coils of No. 1 generator, in one a burned wedge 
shows very plainly. The bulges and powdered mica (white 
pots on coils) are readily discernible. 

After this machine unit No. 9 had been rewound and placed in 
service one of the detectors indicated a coil temperature of 195 
deg. cent. The field was withdrawn and the armature examined. 


Fig. 12—TuHeE Section or Cor TtTHat Broke Down. TuE 
BEND IN THE Coit was Due To 1Ts REMOVAL FROM THE SLOT. 
Note THAT THE BrReEAK-DowWN WAS AT THE AIR Duct. No. 9 
GENERATOR. 


Fie. 13—Damacep Coin In Piace. Note Burnep WEDGE 
at Lert. OTHER WEDGES WERE HITHER PARTLY BURNED OR 
ComripteLty Derstroyep. No. 1 GErNERATOR: 


Fig. 14—ANoTHER Damacep Co1nt—WerpGes REMOVED. 
No. 1 GENERATOR 


A small hexagonal nut was discovered lying on top of one of the 
slots near the detector in question. When in operation the mag- 
netic stresses had caused this nut to vibrate and peen the edges 
of the laminations considerably. This confirmed our belief that 
the original trouble was caused by the filing of the armature slots. 
(In the rewinding process the slots were lined up and after the 
coils had been inserted the bolt holes were filed where necessary 
for the proper insertion of the through bolts.) 

After the nut was removed and the edges of the laminations 
ground and varnished, insofar as possible, the machine was 
again put in service. 
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Before carrying load, but operating at full speed and exeita- 
tion, it was found that five of the detectors indicated an average 
temperature of about 78 deg. cent. while the sixth, still showed 
high, reaching 131 deg. aftera3%hourrun. Intake air 17 deg., 
exhaust air 29 deg., maximum rise 114 deg. cent. 


Under load this difference in temperature between different 
detector coils irons itself out and the maximum difference noted 
is about one-third as great as that and often less. 


In conclusion, our experience as a whole indicates that our 
troubles have not been caused so much by temperature as by 
mechanical pounding and ionization. 


Since the higher temperatures would aggravate these effects, 
we are in accord with Mr. Torehio that a limiting temperature 
of 125 deg., for standardization purposes is as high a value as 
should be adopted. 


H. R. Woodrow: The manufacturers are greatly indebted 
to Mr. Torchio for bringing before the Institute in such concrete 
form the requirements and methods from the operating field, 
giving a definite idea of what they consider reliable and satis- 
factory service. Mr. Torchio is also responsible to a large extent 
for making it possible for men with different ideas to get together 
on temperature ratings. For instance, on conventional allow- 
ances opinions vary from 5 to 30 deg. In the larger machines 
of today, we know from experimental data what these allowances 
should be. 


Another point which the Institute should clear up is the classifi- 
cation of Class B insulation. As Mr. Newbury brought out, 
there is still considerable uncertainty as to Class B insulation, 
and how much Class A material should be permitted in its 
construction. 


The question of field msulation temperature limits as Mr. 
Williamson brought out should be definitely classified. There 
has been some trouble due to field insulation failures, and as the 
papers do not cover that point, would it not be possible to have 
it covered in this discussion. 


H. G. Reist: I too wish to congratulate the Committee on 
getting back to the old standard of giving the rise instead of the 
more complicated expression for determining the temperature, 
which we have used for the last several years. It has been 
pointed out that since the French standard has been changed, 
and the American standard of a lower temperature has been 
adopted, that they have had better results than formerly with 
their machines. 


A friend of mine, an engineer, who has been in France within 
the year, told me that in one installation of large American 
built induction motors that was made during the war, the owners 
expressed extreme delight in the service which they had obtained. 
They said they never had an experience such as they had with 
the use of these motors, because they have not had any trouble 
from burnouts. That is due to the fact that they wererunning at 
lower temperatures than the French motors. 


Several speakers have expressed the opinion that 80 deg. 
rise for Class B insulation, which we all know usually has some 
organic material in its makeup, should be the limit. 


I would like to ask the question, since the French engineers 
have followed our lead with good results, and we would like, as 
far as possible to lead the rest of the world in this industry, is it 
good policy for us to standarize to the limit? . 

This idea I am going to speak of has already been expressed 
in a different way, but it seems to me the question may be 
resolved into a mathematical equation, the same as the amount 
of material you ean afford to put in a machine, or how much you 
ean spend for the roof on your house,—Is it not a question 
whether the first cost, the cost of the loss in the machine, the 
repairs, and the lack of service of one temperature balance against 
similar results if you use some other temperature. Would not 
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the solving of that equation give you the answer? It has been 
pointed out that generally high temperatures means greater loss 
and less efficiency, and we all agree that however good we make 
an insulation, for 80 deg. or any other temperature rise, it will 
be a little bit longer lived if we run at lower temperatures and 
therefore repairs will be less frequent and the expense of repairs 
and the loss from lack of service will be less. 

James Lyman: I believe that we all heartily agree with the 
standardization that has been presented to us. The manufac- 
turers of large turbo-generators have so improved and advanced 
the design of the machines, that as regards temperature they 
are able to build machines corresponding to these lower tempera- 
tures. 

There is no part in the development of the industry of greater 
importance than the reliability of these big turbo-generators. 
We have read, within a few months, the report of the Super- 
Power Committee. More rapidly than most of us realize there 
will be in use throughout the length and breadth of this country, 
a universal 60-cycle power supply. It will be on the order of the 
outlines of the Super-Power Committee. On the Pacifie Coast, 
in the Middle States, in the Hast, we shall soon have in operation 
220-kv. power lines, transmitting power of the order of 100,000- 
kilowatts per circuit supplying cheap power, not only in our 
industrial centers but wherever industry wishes to locate in the 
country, and nothing can be of more vital importance to the 
suecess of these undertakings than the reliability of the large 
turbo-generator units which are the source of supply for these 
systems. 


L. T. Robinson: It seems to me we have made a great gain 
in our method of procedure, by giving weight to the things which 
we know about, as opposed to starting from the end that we were 
least certain of, to arrive at the result. On the old plan we 
started with 125 or 150 deg., or whatever it was, and which we 
at that time were not at all certain of, and which we have sub- 
sequently become even more doubtful of, and we assumed a 
certain conventional allowance, and took that off, then we. as- 
sumed an ambient temperature of the surrounding cooling 
medium, and took that off, choosing such values so that after 
we had taken them off, we would have the circuit temperature 
rise left: 2 5 8 

Now, we have decided to start from the other end, and take 
what we know, and forget the other things. Therefore, it 
is unnecessary to discuss this matter of 15 or 20 or 30 deg., 
conventional allowance, as opposed to the present five, and 
propositions that have been made for 5 and 10. The way it 
looks to me is that all the figures, taken together, do not point to 
any change with sufficient definiteness so that the change should 
be made. 

I am, therefore, very pleased to know that we can in the future 
be satisfied to rate machinery on temperature rise alone, and I 
am also pleased to endorse Mr. Newbury’s proposition that all 
other subject matter that relates to how the temperature rise 
was arrived at, be taken out of the rules, and perhaps be put 
into an introduction that would show the mental processes we 
went through in order to arrive at the values chosen. 

With regard to Mr. Torchio’s figure of 80 deg., I join the others 
in complimenting him on having so steadfastly stood for a cer- 
tain figure throughout all the time that the rest of us have gone 
back and forth, sometimes have advocated one thing, and some- 
times another, but we have returned to the original figure of 
ten years ago, and the rules as they now stand are exactly in 
accordance with the proposition which has been advanced and 
agreed to, if the foot-note No. 2 to §1005 of the 1921 Rules which 
refers to the 150 deg. is crossed out. 

I would like to say one word about the distinction that I 
think should be observed between rating and application, and 
if we can have that distinetly and clearly in mind, I think even 
the difficulties of some of our foreign associates can be removed. 
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We now rate machines on temperature rise, and therefore the 
temperature rise determines the kw. or kv-a. that is marked on 
the nameplate, the question of ‘‘ambient temperature of refer- 
ence’ does not come into the matter, I think that what we want 
are rules for marking a machine of definite size, and therefore 
definite capacity, with a certain rating, 7. e., a certain kilowatt 
capacity, and then we should clearly know that it is well within 
the province of the user, if he pleases, to make some allowance 
for the fact that conditions of use may not be exactly the condi- 
tions that were established as the basis of the rating. 


There may be some questions as to what extent anything of 
that kind should be done, but clearly, if the situation is such that 
the surrounding temperature is more than 40 deg., we should 
hesitate to put as much load on the machines as the rating 
eallsfor. On the other hand, I think in the interest of conserva- 
tism we should—when the ambient temperature is lower than 
the 40 deg. which has been established—hold in reserve that 
capacity which must, to some extent, be there, for a reasonable 
margin of safety. 


P. Torchio: In answer to the question of Mr. Foster, I 
confirm his understanding that the 80 deg. rise is to be considered 
good practise, but the upper limit of good practise. Mr. Skin- 
ner’s comments on the copper temperatures of the machines 
Nos. 4 and 5 are correct, but perhaps the figures I have given 
may still represent the actual maximum temperatures because 
since the paper was printed I found that the assumed constant 
of 214 per cent increase per 1000 volts computed on the rise of 
the detector between coils is in fact excessive, a constant of about 
1”/3 per cent being closer to the average of result of several tests 
on machines especially equipped with exploring detectors in 
contact with the copper. 


Mr. Wallau’s valuable contribution fittingly supplements my 
paper. He, however, with some of the other speakers, emphasizes 
the importance of establishing a different standard for the tem- 
perature rise of the rotor windings. I am in full agreement with 
Mr. Dawson that a higher limit must be allowed for the rotor. 
From Mr. Wallau’s presentation, a rise of 90 deg. would repre- 
sent good and safe practise. JI would endorse such a limit. It 
may be that the higher figure of 100 deg. suggested by Mr. Daw- 
son may prove necessary for structural reasons. A little further 
study and cooperation should lead to an early agreement also 
on this point. 

Referring to Mr. Wallau’s and other speakers’ comments on 
the life curve of fibrous insulation of Fig. 1, I do not know 
whether Class B insulation would have any similarity with the 
behavior of fibrous insulation. My reason for incorporating 
this Fig. 1 in the paper was not in an attempt to apply the results 
of fibrous insulation to Class B insulation. The only idea was 
that as in all windings we are always confronted with the presence 
of fibrous insulation either as binder of mica or in straight insu- 
lation of coils in the end turns, therefore, to cover fully the sub- 
ject it was necessary to introduce the data given in Fig. 1. 
Incidentally, I call the attention of all engineers to the varied 
application that this fundamental information may have in all 
practical applications of the power industry. 


F. D. Newbury: Mr. Foster questions the results obtained 
from the laboratory model described in my paper on Conven- 
tional Allowances, mainly because of the different manner in 
which heat is produced in the model, and in a generator. I do 
not see that this has any bearing on the conclusions reached. 
The problem was to establish the relations between certain 
temperatures inside and outside the insulation. To study the 
desired relations, a range of temperature values was produced. 
How this range of temperatures was produced was of no more 
consequence in this ease than would have been the manner in 
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which values of e. m. f. might be produced in a similar study of 
voltage drops in an electric circuit. 

The particular values of temperature produced in this model 
were also of little significance so long as they covered a wide 
range. Thus, the fact, noted by Mr. Foster, that the difference 
between the copper temperature and. core temperature in some 
of the experiments is greater than found in most generators 
is of no moment. 

The model was used to establish certain temperature relations 
and a rational method of calculation for the conventional allow- 
ance. These relations and method were then checked by com- 
parison with the results from generator tests. These generators 
were selected for test and tested under the supervision of Messrs. 
Foster, Williamson and the writer (each acting separately for 
generators manufactured by their respective companies.) 
Table IV, showing the comparison between calculated and tested 
values, is the criterion by which the work with the laboratory 
model should be judged. Considering the difficulties and errors 
inherent in machine temperature measurements, I believe Table 
IV shows a satisfactory degree of agreement. 

Mr. Foster also points out that in fully one-half of the machines 
tested there was little difference between the inside temperature 
and the temperature measured between coils. This is true 
because these machines were of such dimensions (as to core 
length, insulation thickness, ete.) as to result in small tem- 
perature differences. Reference to Table IV will show that, in 
general, where the tested values are low, the caleulated values 
are low also. 

I do not believe that Mr. Foster has said anything that justifies 
any change in the conclusions reached as to probable values of 


‘conventional allowance, summarized in Fig. 10. 


Mr. Torchio has used an empirical relation to caleulate the 
conventional allowance that takes into account the single factor 
of rated voltage of the generator. The principal factors that 
determine the conventional allowance are the temperature 
difference between copper and outer coil surface, the temperature 
difference between top and bottom coil-sides (determined prin- 
cipally by eddy current factor) and the insulation thickness. 
In generators of less than 40-in. core length, the core length is 
also a factor. It is obvious that a relationship that neglects 
all but one of these factors can give reasonable results only if 
the other factors do not vary in generators of varying sizes, 
proportions and manufacturers. 

This matter of conventional allowance has ceased to be of 
importance in specifying performance of machines, but is still 
of major importance in the work of standardizing committees 
in deducing allowable temperature rises from safe limiting tem- 
peratures of insulation. This, I hope, justifies this rather long 
discussion of what might be considered a purely academic ques- 
tion. 

The agreement on 80 deg. as a satisfactory standard that has 
been expressed is very gratifying to all those interested in prog- 
ress in this matter, and should make it possible for the Stand- 
ards Committee to put this agreement in official form. The 
Standards Committee will, no doubt, also consider the question 
of rotor temperature limits. While this phase of the question 
has not received the same attention as has the armature winding 
temperature there has not been the same divergence of opinion 
and agreement should not be difficult. 

Jean Canivet: In answer to Mr. H. G. Reist’s remark 
concerning the satisfaction which was given in France by the 
American motors, I would like to emphasize the fact that the 
trouble we experienced with the French motors built according 
to our old rating was probably not due so much to the high 
temperature rise admitted than by the overload without 
temperature limit which was then allowed. 


Higher Steam Pressures or Pulverized Coal? 
BY FREDERICK A. SCHEFFLER 


Fellow, A. I. E. E. 
Fuller Engineering Company, New York 


The author assumes a hypothetical power or public service steam plant of 100,000-kw. nominal capacity and com- 
pares the cost of operation of such a plant on a basis of 250 lb. pressure and 600 deg. fahr. total steam temperature, 
and 400 lb. pressure and 700 deg. fahr. total steam temperature, when fired by, stokers and pulverized coal. 

The results of the comparison indicate that, with much lower capital costs, even better thermal plant efficiency will 
pertain with the use of pulverized coal and the lower steam pressure than would be the case with the higher steam pres- 


sure plant, stoker fired. 


WO years ago, when the Edison Association of 

Illuminating Companies held its Annual Meeting 

at New London, Conn., the technical section 
developed a discussion as to what should be done with 
a view to lowering the cost of producing a kw-hour, 
which was at that time over 100 per cent greater than 
before the World War. ; 

Various suggestions were made by engineers and 
others present, one statement being that the boiler 
pressure should be increased to 400 or 500 lb. Another 
official and engineer of a large public service corporation 
in the East quite emphatically made the statement that 
the only way to reduce these costs, in his opinion, would 
be to use pulverized coal and he predicted that in two 
years time this practise would begin to be generally 
used. 

The writer, in discussing this subject, predicted that 
the excessive cost of the high-pressure idea would 
prevent a realization of lower costs, on account of the 
additional capital or fixed charges absorbing any gain 
which would be made from better thermal efficiency 
of the plant, and also said that rough figures would 
show that the desired results would be more likely to 
be obtained if only a portion of the additional expense 
involved was used in equippine the plant to use pul- 
verized coal. 

This question of higher pressures and temperatures 
is still a mooted one and is quite thoroughly discussed 
in a most excellent manner in a paper presented by 
Col. C. F. Hirshfeld, Chief Research Dept., of the 
Detroit Edison Co., before the Cleveland Section of the 
A. S. M. E. in March 1921. In this paper the author 
states that it is “his personal opinion that 700 deg. 
fahr. is about as high as we can safely go at present”’ 
and suggests a working pressure of steam at 400 lb. 

As it is quite evident that there must be some point 
where the capital costs and fixed charges accompanying 
same will prohibit the reduction of the present kw-hr. 
cost from being benefited thereby, the author has made 
a study of the question from an investment and opera- 
ting standpoint, comparing the present average practise 
as to pressures and temperatures with the above sug- 
gested 400 Ib. pressure and 700 deg. final temperature. 
The basis on which the following estimates are made 
is as follows: 

Capacity of plant, 100,000 kw.; consisting of four 


Presented at the Annual Convention. of the A. I. HE. E., 
Niagara Falls, Ont., June 26-30, 1922. 


5 


25,000-kw.. units and twelve 1600-h. p. boiler units 
(19,200 rated boiler h. p.) or approximately 5 kw. per 
boiler h. p. 

As we are primarily interested more particularly in 
the difference in cost between the present average 
practise and the higher pressures, we have made a 
study of the various items entering into the costs of 
both suggestions, consulting with prominent manu- 
facturers in order to obtain this information, which 
may be considered authentic and reasonable. For the 
lower pressures and temperatures we have adopted 
250 lb. and 600 deg. fahr. temperature. For the 
higher, as above stated, 400 lb. and 700. deg. fahr: 
temperature. The items which are affected by the 
increase of pressure and the additional expense involved, 
due to the difference in pressure and temperature, are 
as follows: 


(a) Difference in cost. of boilers and superheaters 
19,200 h. p. at $13 per h. p., or $2.49 
per kw., including freight and erect- 


ing charpzesn siedt Aone Ss ae $249,600 
(b) « in economizers $4 per h. p. or $0.768 
perciwe tint dace eat 76,800 
(e) in steam turbines 100,000 kw. @ $2 
petukwe Jasalasgete 302 VaR Oo 200,000 
(d) « in steam piping, forged valves and pipe : 
covering at $2 per kw.............- . 200,000 
(e) = in feed pumps and Anes Supaeiees 
50 cents per kw.. 50,000 
Estimated total difference in cost............... $776,400 


The average water rate of the turbines at 250 lb. 
pressure is assumed to be 1034 lb. per kw-hr. and at 
400 lb. pressure, 10 lb. per kw-hr., and an allowance of 
5 per cent for additional power or steam for auxiliaries. 

In the operation of the plant we have adopted an 
annual load factor of 40 per cent and a fair average 
bituminous coal has been assumed in both cases of 
13,000 B. t. u., and 8 per cent of ash and the combined 
boiler furnace and economizer efficiency with stokers at 
78 per cent, and with pulverized coal an equivalent 
efficiency of 85 per cent. The following costs have 
been used: 

Cost of coal delivered $5 per long ton. 

Cost of power 34 cent per kw-hr. 

Cost of common labor 40 cents an hour. 

In the operating costs we have omitted taking into 
consideration the firing room labor, as these items 
would be practically identical in either case. 

With the above items fixed, the steam requirements 
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per hour for the 250-lb. pressure plant will be 451,500 
Ib., which translated into steam per hour from and 
at 212 deg. is equivalent to 569,793 lb. For the 400- 
Ib. pressure plant these figures are 420,000 lb. and 
547,260 lb. respectively. 

Additional data may be determined from the fore- 
going as follows: 


250 Lb. Press. Plant 
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of operation as compared with pulverized coal on the 
low-pressure plant will be over $144,000 more per year 
and the thermal efficiency of the nem will be better 
with pulverized coal (17030 —16250) by 780 B. t. u. 
per kw-hr., or reduced to percentage of B. t. u. in the 
coal ane the difference is nearly 1 per cent (21.20— 
20.26). 


Lb. Press. Plant 


Col. 1 Col. 2 Col. 3 Col. 4 
Stoker fired Pulv. coal Stoker fired Pulv. coal 
fired fired 
Item 
@nibs coal" per kew-hr. 2. Soo Sas ese Bs css 1.36 1.25 1.31 1.214 
CuO. boul periliw-hrweiiien. oot soto de. cance 17680 16250 17030 15782 
(3) Thermal eff. of plant-per cent.....:...... 19.31 21.20 20-22 21.75 
(4) Evap. per lb. coal from and at 212 deg. fahr. 10.43 LY 27 10.43 F.27 
(6) uel stons-perchr. wank otek cok. 2 bee saath 24.40 22.36 23.42 24-23 
(6G) -Muelcost permaris . seer yee sok. gees oe $122.00 $111.80 $117.10 $106.15 
(7) Ruel Gogg per dave > cE a eee ics De os $2928 .00 $2683 .00 $2810.40 $2547 .60 
(8) Repairs ($1.50 per rated h. p. per year) 
PREIEOR A Ck 50S egy cs Pie Be B Ver Samet een 78.80 Pulv., dyring, repairs, labor, power, 78.80 
(9) Power for operating stokers, air supply, 204.00 conveying and air supply 34c. ton* 198 .22 
coal handling 4 per cent......°......... 117.00 117.00 
(10) Fixed charges 12 per cent per yr. on Fixed chgs. pulv. coal plant, conveying 
: $422,400 incl. coal bunkers and conveying system, bunkers, coal burning equip. 
and ash handling, stokers and air air supply ash _ handling. Cost 
SURED TOU oer erin cos a ga rata eh sev eas' ns come a Bis, 8 138.00 141.00 $476,000 inc. $60,000 for bldg. 138.00 141.00 
(11) Ash removal 48 tons @ 25 cents.......... 12.00 4.00 4 tons day av. 12.00 4.00 


(12) Total cost per day, Items7, 8,9,10and11.. 


*These costs are based on pulverizing thousands of tons of bituminous coal and are, consequently, accurate. 
Repairs—complete system..................-. 
Power for all operation @ 34 cents Kw-hr. (17 Kw-hr.) .............. 
Wars cheat esto IR ore ate seks 6% 


The cost of operation per diem in Col. 3, letter C, 
$3156.20, is not entirely complete as to this cost should 
be added the additional fixed charges due to the cost 
of the 400-lb. pressure plant as compared with the 
250-lb. pressure plant, which, as previously shown will 
be $776,400. The per diem interest charges on this 
amount at 12 per cent equals $250.60: 

Furthermore, there will be additional maintenance 
costs, due to the higher pressures and superheat, which 
may be taken as 1 per cent. The per diem cost of 
this item will be $21.25. These two daily costs added 
to the above item C is $3156.20 + 250.60 + 21.25 
equal C’ $3428.05. This is consequently, the total 
daily operating and fixed charges cost of the plant, 
so far as it refers to the furnace equipment, for the 
400-lb. pressure plant. 

Comparing this with the daily operating costs of 
the 250-lb. pressure plant fired with pulverized coal, 
Col. 2, Item 12, B—$3032.20, it will be noted there is 
a difference of $395.85 which constitutes the saving 
which would be effected by the use of pulverized coal 
and this is equal to $144,485 per year. 

These figures demonstrate therefore, that under 
the same operating conditions the high-pressure cost 


A-$3273.80 . B-$3032.20 


Ris bac dcMey got aa tee esa sishoi uae 8 


C-$3156.20 D-$2890. 82 


Additional fixed chgs. @ 12 per cent. (See 


below)—per day 250.60 250.60 
Additional maintainence charges (See below) 
per day Zip | 21.25 


Actual total daily costs Col. 3 and 4 C’ 3428.05 D’ 3162.67 


The items are as follows: Per net ton 
cents per ton 
ip 2 % “ “a 


The estimate shows that the pulverized coal plant 
and necessary storage and burning equipment, auxili- 
aries and distributing system, etc. can be built in a 
substantial manner for approximately $476,000 (at 
present prices, Dec. 1921), of which $60,000 is allowed 
for a separate building (42 ft. by 144 ft.) for the milling 
and drying plant, having a capacity of 750 to 800 net 
tons of pulverized coal per day. This cost is only 
slightly more than the complete stoker equipment 
with distributing system, auxiliaries etc. installed. 
The costs of these equipments would be the same for 
both the 250 lb. and 400 lb. pressure plants. 

The question might be raised as to the basis on which 
these estimates have been made in regard to thermal, 
boiler and furnace efficiencies. The author believes he 
is quite safe in stating that at the present time there is 
no plant in this country at any rate, operating on a 
B. t. u. basis of 17,680, stoker fired, asshown in Column 1 
of above tables, although plans have been laid down 
for one or two power houses not yet in operation to give 
these results, so that this figure would indicate the 
best possible practise that can be obtained under the 
assumed load factor and other conditions of a plant 
of this size and pressure. 
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On the other hand, actual performance of boilers 
fired with pulverized coal in power plant service 
indicates that there is no difficulty in operating under 
these load conditions at the 85 per cent efficiency we 
have used for the basis of our calculations, which, as 
shown in Column 2, is equivalent to 16,250 B. t. u. 
per kw-hr. or 114 lb. of coal, containing 13,000 B. t. u. 

In the appendix there is a record of some pulverized- 
coal-fired boiler tests which show a higher combined 
efficiency than we have assumed. 

The final conclusions are: 

(a) It will cost a great deal less money to equip 
and use pulverized coal in power plants in order to 
obtain the highest efficiency and the lowest operating 
costs than it would to use high pressure of 400 lb. and 
high superheat of 700 deg. final. 

(b) That lower B. t. u. per kw-hr. and higher over- 
all thermal efficiency will be obtained by substituting 
pulverized coal firing in lieu of any other known method 
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small and do not warrant the excessive additional first — 
cost and yearly fixed charges for the higher pressures 
and superheat. 


(d) That the cost per short ton of coal handled 
and burned by stokers in the 250-lb. pressure plant 
(exclusive of the cost of the coal) will be 52 cents and 
with pulverized coal 58 cents. For the 400-lb. pressure 
plant this cost would be increased to 95 cents per ton 
with stokers, which increase is due principally to the 
additional fixed charges over the 250-lb pressure plant. 


Appendix 


TESTS OF PULVERIZED COAL FIRED BOILERS MADE 
IN ACCORDANCE WITH THE STANDARD 
A. S. M. E. BoILER CODE 


The equipment consists of a 1306-h. p. four-pass. 
horizontal water tube Edgemoor boiler with 4-in. 
Fuller feeders and 4-in. flared type Fuller burners, 
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Fig. 1—Cross-SectionaL View or Two 1308-H.P. Epgzmoor BoILers 
Arranged for burning pulverized Illinois coal. 


using the moderate high pressure and superheat in 
common practise today, compared with higher pressures 
and temperatures. 

(c) That the benefits accruing from the net dif- 
ference in station water rate between the present 
practise as to pressure and temperatures and the 
higher pressures and temperatures are comparatively 


located in a horizontal position, all as shown in the 
accompanying illustration. 

The furnace conditions were most excellent and did 
not result in the formation of any slag. The furnace 
was not cleaned out during the time these two tests 
were run. There were but a few hours time between 
the finishing of No. 3 test of 48 hours and No. 4 test 
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of 48 hours. The boiler was kept on the main steam for sometime before the tests were conducted, neither 
header and no special efforts were made to obtain high had the outside of the tubes been washed out except 
efficiency. The boiler tubes had not been turbined as they were blown every day with soot blowers. 


BOILER TEST NO. 3 


DATA AND RESULTS OF EVAPORATIVE TESTS NOS. 3 AND 4 HEAT BALANCE BASED ON DRY COAL 
First half Second half | Aver- 
1. Test of Edgemoor Boiler No. 1. ae aS a eee i 
To determine efficiency of boiler furnace and superheater. Per ver Per 
Test conducted by Fred. Darnbrook and A. Hoffman Bit. wy Cent /B-'t-u-) ‘Cent Cent 
Ralph Galt and R. A. Kleppi i 
a * ss eppinset A. Heat absorbed by boiler........ 9732| 81.7| 10062| 84.2 | 82.95 
2. Edgemoor watertube boiler No. 1. B. Loss due to evaporation H:O in 
3. Powdered coal furnace. , COMM rere Waa oleh aes ay 61 as 46 .38 .44 
4. Combustion space 9057 cubic feet. C. Loss due to heat carried by steam 
5. 13057 sq. ft. water heating surface. formed by the burning of hyd- 
x PORORS eh ossigleisinte gs CR eee 443 Bs yf 398] 3.33) 3.51 
6. superheating surface. - D. Loss due to heat carried away in 
Ve total heating surface. dry ffue gases) se. ict. ck 1040 8.7|- 1108) 9.27) 8.99 
8. Date—Boiler Test No. 3 First half—June 30th & July 1st, 1921. E. Loss due to radiation and unac- Ps 
Second half—July 1st and 2nd. counted for losses............ 640 5.4 336) 2.82) 4.11 
Boiler Test No. 4 First half—July 5th and 6th. 
Second half—July 6th and 7th. 11916} 100.0! 11950/100.00!100.00 
9. Duration—Boiler Test No. 3. 2 
Pinel Hatt 4 wel sa Teta ULTIMATE ANALYSIS OF COAL 
Second Half—23 hr. 25 min. First half | Second half 
Average —48 hr. 8 min. 
Boiler Test No. 4. cask ca ict oth NS eR Sao yah ie ar 
Weed EEAIRS 24 HS cat ydrogen.......--..++++. ; - 
F INTRPOREN 5,55 seis, siiitaye 6 aaa 1.37 1.26 
Second Half—23 hr. 45 min. 
verano 227 het 60 main Salphurrt toe wen nc ceate oe 4.00 3.91 
‘ " OXVEEN HF. se say cake Stearees 9.30 9.37 
10° Illinois coal powdered. PASH em aids sk Pak r 12.76 13.18 
Bota. Diy Coals... en 11916 11950 


BOILER TESTS NO. 3 AND 4 


Test No.3 Test No. 4 
1st half 2nd half Average ist half 2nd half Average 
24 hr. 23 hr. 48 hr. 24 hr. 47 hr. 
Average Temperature and Pressures 53 min. 25 min. 8 min. 5 min. 23.75 hrs. 50 min. 
11. Steam pressure by gage, lb. per sq. im........... 2.0. cece ees 263.46 264.2 263.8 267 266.7 267 
mMAneroid Darometer. «1a as © bos «+ ols Blake acale ave se Bhat 29.32 29.31 29.31 
12. Temperature of superheated steam, deg. fahr................ 280.34 584.7 582.5 600.8 596.1 598.4 
a. Normal temperature of saturated steam, deg. fahr...... 411 - 411 411 411.4 411.4 411.4 
13. Temperature of feed water entering boiler, deg. fahr......... 198.7 203 200.7 210.3 21332 211.6 
a. Temp. of feed water entering economizer, deg. fahr...... 131 132.3 131.6 126.6 130.5 128.5 
b. Increase of temperature due to economizer, deg. fahr..... 67.7 70.7 69.1 83.7 82.7 83.2 
14. Temperature of escaping gases, 
a. Temperature of gas below fourth pass, deg. fahr........ 468 470 469 512 526 518.7 
b. Temperature of gas entering economizer, “ by RSE 436 436 436 464 464 464 
c. Temperature of gas leaving economizers, “ SM Re 220 240 230 259 268 263.3 
d. Decrease of temperature due to economizer, deg. fahr.. . 216 196 206 205 196 200.5 
15. Force of draft between damper and boiler, 
a, Draftin’ first passin. OF WATCI: .c.5 sic. c ci etere 60 elds sine! erove 0.02 0.0185 0.019 0.0625 0.055 0.058 
pb. Draft in fourth pass, in. 0f water. 5606 6s ces sus. ele ciel ae 0.46 0.477 0.468 1.057 LLG 1.108 
c. Draft entering economizer, in. of water..............+. 0.503 0.536 0.529 1.270 1.29 1.28 
d. Draft leaving economizer, in. of water..............++- 0.706 0.777 0.741 1.908 1.94 1.93 
16. State of weather, 
a. Temperature of external air, deg. fahr................. 81 81 81 82 82 82 
b. Temperature of air entering ash pit, deg. fahr.......... 121 121 121 
c. Relative humidity of air entering ash pit,.............. 
d.’ Room temperature, dew. fabr... 52). sc sie os a0.0 pine oo owe 93 196 196 196 
e. Temp. Feeder platform, deg. fahr..............2e-000: 110 108 109 
Quality of Steam 
17. Number of degrees superheat, deg. fahr................2.0- 169.34 173.7 1710S 189.4 184.7 187.1 
18. Factor for correction for quality of steam.................. 
Total Quantities 
19° ‘Total weight of coaljas fired IbsA se, oh ices hte scare « al -.| 157022 144978 302000 231352 220699 452051 
20. Percentage of moisture in coal as fired, per cent............. 5.124 4.2 4.66 3.85 4.05 3.95 
21, Total weight of dry coal, Thien aici = esjneciaes ian tererin ee ae 148975 138889 287864 222445 211760 434445 
22. Ash, clinkers and refuse, (dry) per cent..............s0.-- ae 13.137 13.395 13266 13.567 13.337 13.453 
a. Withdrawn from furnace and ash pit,...... SET ON a4 
b. Withdrawn from flues, tubes and combustion space..... 
c.. Blown away: with gases. Gash. 6.0.5 0s0is Dolele oo Bae : 
dz ‘Total... cameb isis etre es Bree sic erssaie 0 Meets orem eect calcined i 
23. Total combustible burned, Ib.................... ats oe biel L29404 120278 "249682 192255 183517 375782 


24. Per cent of ash and refuse, based on dry coal, per cent...... 13.137 13.395 13.266 13.567 13.337 13 .453 
25. Total water fed to boilers, Ih. ............ Sie, Sos ee ticle Scena 1278338 1232625 2509673 1908243 1870209 3787452 
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BOILER TESTS NO. 3 AND 4—Continued 


26. 
27. 


28. 


29. 
30. 
31. 
32. 
33. 


34. 


35. 


36. 


37. 
38. 
39. 
40. 


41. 


42. 
43. 
44. 
45. 


46. 


47. 


48. 


49. 


50. 


51. 


52. 


Average Temperature and Pressures 


Total. water Evaporated, Wiss... ou eerie skajelaustere miaievs sisle waste 3 
Factor of evaporation, based on temperature of feed water en- 
fering, DOMOR. fe seisicheas! oiiests teienmre ous im Paks ney © 3he Okeydasie bn eOres ee AE 

a. Total equiv. evap. from and at 212 deg. fahr., lb........ 
Factor of evaporation, based on temperature of feed water en- 
PHEring | CON OMIZORs cals perKaw «Alin sree als SUS eee Nonche orea ete 

a. Total equivalent evaporation from and at 212 deg. fahr., 


Hourly Quantities and Rates 


Dry, coal Pek HoGre ID si eee cle tors Sisey Wiehe oss, Maeuettehs aeeebe ep 

Coal as: received,, per hour: UD s:.-nersvesitieroeuetotel oleisuct wake et 

Water evaporated per hour, db... o5... «os 225 cusnemspne| ies Suse 

Equivalent evaporation per hour, from and at 212 deg. fahr., Ib. 

Equivalent evaporation per hour, from and at 212 deg. fahr., 

per square foot of heating surface, Ib................... 
Capacity 


Evaporation per hour from and at 212 deg. fahr., lb......... 

a. Boiler horse power developed, h. p..............e+eee- 

Rated capacity per hour from and at 212 deg. fahr., lb....... 

a. Rated boiler horsepower, Bo Doss sete esp wicresione ete 2 siege 

Percentage of rated capacity developed, per cent............ 

a. Blow meter, indicating sh.) Dee. cts scsi cieisls Acclattiete es ote arene 
Economy 


Water fed per pound of coal as fired, Ib.............:...... 
Water fed perlb. of dry coal vib. 2.25. o.o1 open eke co i ee 
Equivalent evaporation from and at 212 deg. fahr. per lb. of 
Gry (Coal:as: fired § FD, sic-aiw ops fade tel ouzrguanevous eayencasvone,storeiteletersi 
Equivalent evaporation from and at 212 deg. fahr. per lb. of 
Ory coals Wate Se aeons cee ecm ee eb eke 
Equivalent evaporation from and at 212 deg. fahr. per lb. of 
combustible, Ib........... AORN FICO I PEON OR TN 


Calorific value of 1 lb. of coal as fired, per analysis, B.t.u...... 
Calorific value of 1 Ib. of dry coal, per analysis, B.t.u......... 
Calorific value of 1 lb. of combustible, B.t.u................. 
Total heat absorbed by boiler, 
a: Total heat/in'steam, Bet. Ui .5..¢2.. acne Oe we eas 
b. Total heat absorbed per lb. water fed to boiler, B. t.u.... 
c. Total heat absorbed per lb. water fed to economizer, 


received, DeriCent. .....< os matescleletasers wise Seb Yoseuste cpeuerstaie et als 

Efficiency of boiler, furnace and superheater, based on com- 

bustible, perieent sic ats x < Patek atists ssqharcletevete) aceteDbegs aren 

Efficiency of boiler, furnace, superheater and economizer, based 

On ‘coal as recelyed, per cents... ass. celebs tes 9% 5) oo tomeorerte 
Gas Analysis—by Volume 


Fourth pass, 
ait CAL WOM GIGKIGS) 2.45 otto a oe vo 8.9: 91's Seo ts Wetens o's oa pos ae te’. 


BA INIOgeN: (By AUTELONCO) fh retisie's oe axe steterows yee oles afavakers muevets 
Economizer Inlet, 
BM QAP WOM RORICG., cola cee wle one os tie & ae aise Hi oars aaa 
Economizer Outlet, 
4; Caxpon: ClO fomaas.< 5 os Ne ao SE ae ena le Make stcoa ety ie 
Analysis of Coal 


Moistare,: DGx CONG soo 5dridece Sasi ea oe Sra arenes Crago ls avatar ae 

ASB) Per Gerba cds sa avs vie Geos asians weet epaer porate iasen ee at aros 

B. t..1. per Ib. of dry coal, Biot, Wi 6. ins on sipials ckayeretarece 034 

B. t. u. per Ib. of coal-as received, B. t: U.. 002s ive ewes een es 

Sulphur, per cent (separately determined).................. 
Additional Data 


Test No. 3 
1st half 2nd half Average 
24 hr. 23 hr. 48 hr. 
53 min. 25 min. 8 min. 
1278678 1232625 2509673 
1494135 1440938 2955073 
1.1685 1,169 1.1687 
1.2395 1.24 1.24 
1584921 1528455 3113376 
5971 5973 5972 
6293 6235 6274 
51387 52982 52140 
60045 61934 61282 
4.59 4.74 
60045 61934 60936 
1740 1795 1766 
45057 45057 45057 
1306 
131.2 137.4 135.2 
1332 
8.143 8.5 8.31 
8.51 8.87 8.71 
9.515 9.93 9.7 
10.029 10.37 10.18 
11.546 11.97 11.75 
11310 11449 11380 
11916 11950 11932 
13720 13799 13762 
1302 1304 1303 
1135.3 1133 1134.3 
1203 1204 1203 .4 
81.7 84.1 82.8 
81.66 84.1 82.8 
86.6 89.3 87.9 
14.03 13.4 13.7 
4.76 5.475 5.11 
0.013 0.00 0.00 
5.125 4.2 4.55 
13.137 13.395 13.255 
11916 11950 11932 
11310 11440 11380 
4.23 3.81 4.03 
114 115 115 
99 96 98 
108 bbs 113 
121 117 119 
119 146 


1st half 


1908243 


2229209 
1 


1 
2393890 
9080 
9443 


77887 
90988 


11465 
11924 
13782 


1312 


1133. 


1217. 


. 1682 


- 2545 


-96 


. 594 


-56 


- 62 


. 874 


-567 


+997 
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Test No. 4 


2nd half 


1879209 


2185332 


1.1629 


1.2481 


2345440 


8916 
9292 
79124 
92013 


11581 
12070 
13927 


1309.7 
1128.5 


1211.2 


0.0014 
80.8386 


3787452 


4414541 
1.1655 


1.2513 
4739330 
8998 
9368 


78495 
91492 


203.0 


11522 
11995 


1310.86 
1131.2 


1214.2 ° 
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Discussion 


Philip Torchio: I would like to ask Mr. Scheffler why 
contrast higher steam pressures against pulverized coal. Why 
not both? What is inconsistent between the two? The 
pulverized coal situation as affecting large cities is mostly a 
question of improving means to handle the ashes that come 
from the stacks. Until that problem has been definitely solved, 
it would be practically inadvisable to attempt, in a densely 
populated district, to install on a very large scale a system of 
coal burning that would scatter a considerable amount of ashes 
in the territory surrounding the station. 

The question of using higher steam pressures is of vital import- 
ance. I do-not know that the figures of cost of present standard 
pressure boilers and piping would be much exceeded if we had 
a fully developed system of high pressure machinery, and the 
boiler makers would standardize production on higher pressures 
that they have been doing. In that event, the increased cost 
of the equipment might not be as great as shown by the figures 
of Mr. Scheffler. : 

It seems to me that the difference in saving of less than five 
per cent between low pressure and high pressure is probably 
somewhat low, and that a larger saving would be realized in 
practise. 

Abroad, there is now a station operating at 450 lb. pressure 
and 750 deg. steam temperature. We should look to the per- 
formance of that station with a great deal of interest. 

Wm. McClellan: I have been in contact with pulverized 
fuel a great deal, and the burning of it at the mine. I could not 
quite see the point involved in the title of the paper ‘Higher 
Steam Pressures or Pulverized Coal.” If there is any economy 
in high steam pressures, the economy is there, and if there is 
any economy in pulverized fuel, it is there. 

My idea, without looking into the question of ashes, is that 
it can be eared for, and with some profit. So far as blowing 
out the ashes is concerned, that is not a vital feature of the 
problem. If you choose coal at $5.00 a ton, you may come out 
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all right. There are lots of plants in this country which will be 
built to order, using cheap fuel. 

Of course, if you have not sufficient load factor to work out 
all the advantages of economy, and if you do not use the more 
efficient methods long enough, you do not derive the greatest 
benefit, but in any event, it is no more expensive, and if it is no 
more expensive, this particular point vanishes. I do not quite 
see the distinction, first of all, between the antithesis which has 
been set up in the title of the paper, nor do I see that any one 
particular problem with a fixed coal price, and with a high one, 
without much discussion of the load factor, answers the question 
very definitely. 


F. A. Scheffler: The President answered Mr. Torchio’s 
question so far as the ash disposal from the stacks is concerned, 
but this is not an important part of the proposition. If the 
location of the plant is such that the fine ash coming out of the 
stacks is disturbing to the surrounding country, prevention can 
be taken care of more readily and with less expense than would 
be the case with cinders coming from stokers from the stacks. 

The title of this paper probably should have been ‘‘Higher 
Steam Pressures and Pulverized Coal’ as it is a little misleading 
as it now stands. The writer in dealing with this question had 
more particularly in mind the possibility of equipping low- 
pressure plants in such a way that they would compare favorably 
with the more expensive and higher pressure plants, even show- 
ing better efficiency with lower operating expenses. This is 
clearly shown in Column 4, page 347 as that column deals with a 
plant which was fired with pulverized coal, using higher steam 
pressures. 

In order to really appreciate and understand fully the principal 
features developed in this paper, it is necessary to read it in toto 
carefully and I judge, from the remarks made by the President, 
as well as the other speakers in the discussion, that they have not 
done this, otherwise they would have noted that the answers to 
the questions they brought up were practically taken care of in 
the paper. 


Rating of Cables in Relation to Voltage 


SUMMARIZED HISTORY OF PUBLISHED KNOWLEDGE BEARING UPON THE 
_ PERFORMANCE OF INSULATION UNDER ELECTRIC STRESS 


Prepared by the Subcommittee on Wires and Cables of the Standards Committee 


INTRODUCTION 


NDER the auspices of the Wires and Cables Sub- 
committee of the Standards Committee of the 
Institute, a symposium on the rating of cables 

with reference to heating due to conductor losses only, 
was held during the 1921 Midwinter Convention of the 
Institute with the object of checking the Institute’s 
standards in regard to permissible operating tempera- 
tures for cable insulation. That is, the discussion was 
limited to the matter of the safe maximum operating 
temperature of low-voltage cables with negligible di- 
electric losses. 

The six papers presented and the discussion thereon 
did not show any general agreement on the point at 
issue. In fact, the divergence of views was still just 
about as great as had been previously suspected, judg- 
ing from views expressed informally in committees and 
elsewhere. The great importance of the subject was, 
however, emphasized and the need for sufficient com- 
prehensive research work to establish the fundamental 
physical facts involved was made evident. The result 
has been the inauguration of a comprehensive research 
on this and other fundamental cable problems by the 
Research Department of the Massachusetts Institute of 
Technology under the auspices of the Paper-Insulated- 
Cable Research Committee, which is a sub-committee 
of the A. I. E. E. Transmission and Distribution Com- 
mittee, the N. E. L.A. Underground Systems Committee 
and the A. E. I. C. Committee on Electricity Distribu- 
tion and Use. 

It is believed that a similar situation exists with 
reference to the rating of cables with respect to voltage 
and the Subcommittee on Wires and Cables of the 
Standards Committee has therefore arranged this sym- 
posium on the rating of cables with respect to voltage 
only, which will be a corollary of the symposium held 
last year on cables with respect to heating only (7. e., 
current only). It is further believed that a discussion 
of the matter at this time is particularly timely, both 
because of a demand for the standardization of insu- 
lation thickness for impregnated paper cables and 
because of the many proposals under consideration 
for cables to operate at much higher voltages than any 
now in extensive use. It is hoped that the papers 
presented and the discussion thereon will enable cable 
engineers to more efficiently design and operate cables 
and thereby utilize more effectively the investment 
which the cables represent. 


Presented at the Annual Convention of the A. I. E. E., 
Niagara Falls, Ontario, June 26-30, 1922. 


‘CONTENTS 
I be Geometric relations which affect dielectric stresses. 
TT; Dielectric failure of air 
TEs Ionization of gas in solid insulation 
IV. Dielectric failure of transformer oil. 
Wis Electrical properties of petrolatum. 
Vel Residual charge, power factor and associated effects. 


VII. Grading of insulation. 
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I. Geometric Relations which Affect Dielectric Stress. 

Jona, E. (Trans. Int. Elect. Cong. 1904, vol. 2, p. 550) showed 
that the electric stress in a dielectric between two concentric 
conducting cylinders, which is the simplest geometric represen- 
tation of a single-conductor cable, follows the law. 


E 
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ip 


where 
H = stress in ky. per cm. at any point x em. from the axis 
E = difference of potentials between cylinders, in ky. 
R = radius of outer cylinder, em. 
7 = radius of inner cylinder, cm. 

Leyi, Crvita, (Rendiconti Circolo Matematico di Palermo, 
vol. XX, 1905, part 1, p. 173) gives formula for maximum stress 
including the effect of stranding. 

THoRNTON, W. M. anv Wiuuiams, O. J. (Electrician 1909, 
vol. 68, p. 833) gave experimentally-determined diagrams of 
electrostatic force both for round and sector triplex cables. 

Devutscu, W. (#. T. Z. 1911, vol. 32, p. 1175) derives approxi- 
mate formula for the maximum stress including the effect of 
stranding. 

GorGAs, BENISCHKE, PETERSEN Etc. (EH. T. Z. 1913, vol. 34, 
pp. 637, 783, 984, 1186, 1354) correspondence and discussion 
of stress at conductor surface, especially on approximate for- 
mula for stresses between parallel cylinders. 

Mipp.eTon, W. I. anp Dawes, C. L. (Trans. A. I. E. E. 
1914, vol. 33, p. 1185) discussed the logarithmic formula, and 
showed that the stress at the surface of a conductor was a mini- 
mum when d = D/2.72, where d is the diameter over the con- 
ductor, D is the diameter over the insulation, and 2.72 is the 
Naperian logarithmic base e. There is also a discussion of 
overstressing of cables. 

RusseEwu, A., (Proc. Phys. Soc. London, 1919, vol. 33, p. 111) 
derives formula for stress between parallel cylinders. 

Arxinson, R. W., (Trans. A. I. E. E. 1919, vol. 38-2, p. 971) 
developed a method of estimating the stresses in a triplex cable. 

Deu Mar, W. A. (Trans. A. I. E. E. 1919, vol. 38-2, p. 1018) 
gave diagrams of equipotential and stress lines in round and 
sector triplex cables. 

Davis anp Simons (Journ. A. I. E. HE. Jan, 1921, p. 12) 
published tables of maximum stresses based on Atkinson’s method. 

Emanveut, Luria (L’Eletrotecnica 1921, vol. 8, p. 573) gives 
experimental determinations of stresses in three conductor 
cables. 

II. Dielectric Failure of Air. 

Steinmetz, C. P. (Trans. A. I. BE. E. 18938, vol. 15, p. 281) 
suggested that the diameter of a corona in air is such that the 
corona reduces the electric intensity (or potential gradient) 


“at its boundary, to the constant value of the electric strength 


of air. 
Ryan, H. J. (Trans. A. I. E. E. 1904, vol. 21, p. 275) found 
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that the apparent dielectric strength of air around a wire varies 
with the diameter of the wire. 

Jona, E. (Trans. Int. Elect. Cong. 1904, vol. 2, p. 550) said 
that the diameter of the air corona, fora given arrangement of 
conductors, is independent of the size of wire and depends 
only on the voltage. 

Townsenp, J. S. (Trans. Int. Elect. Cong. St. Louis 1904, 
vol. 1, p. 106) said that free ions exist in air which are accelerated 
in their motion when subjected to electric stress. When they 
attain a certain speed, they knock electrons from their atomic 
orbits thus liberating the electrons and converting the atoms 
into ions. 

WuirnHeap, J.B. (Trans. A. I. HE: E. 1910, vol. 29-2, p. 1183) 
said that as the logarithmic law for concentric cylinders indicates 
different stresses at a given distance from the axis, with different 
conductor diameters and as corona observations indicate the 
same stress, the logarithmic law must fail when corona is present 
and therefore the air carrying a corona must have a relatively 
high conductivity. 

HaypENn, J. R. anp Srernmetz, C. P. (Trans. A..I. E. E. 
1910, vol. 29-2, p. 1125) showed that the disruptive discharge 
through a dielectric requires not merely a sufficiently high voltage, 
but also a definite minimum amount of energy. 

WHITEHEAD, J. B. (Trans. A. 1. E. E. 1910, vol. 29-2, p. 1159) 
said that an electron requires an intensity of 170 kv. per em. 
to give it sufficient velocity to break up a molecule by collision, 
and concluded from this that the ionizing agents, in the ioniza- 
tion by collision which creates corona, must be of atomic or 
molecular dimensions. Such ions require only 30 to 40 kv. per 
em. He showed that there is no dielectric loss in air until the 
corona point is reached, that the electric strength of air is inde- 
pendent of the material of the electrode, that the corona volt- 
age is lowered by surface impurities, that the corona has high 
eonductivity, and that most of the dielectric loss takes place 
beyond it. 

Ryan, H. J. (Trans. A. I. E. E. 1911, vol. 30-1, p.1) applied 
th electron theory to the-explanation of corona loss. 

WuirreneaD, J. B. (Trans. A. I. BH. E. 1911, vol. 30-3, pp. 
1883-1885) gave evidence that corona is due to the liberation 
of ions from neutral molecules when the latter suffer collision 
with free ions moving under the impulse of an electric field. 

Prex, F. W. (Trans.--A. I. E. E. 1911, vol. 30-3, p. 1889) 
showed that the corona loss around a wire-varies as the square of 
the excess voltage above the voltage at which corona starts. 
He also showed that the electric strength of air is about 30 kv. 
per cm. and that corona starts when this intensity is attained 
at a distance of 0.301 +/r em. from the surface of the conductor. 
This distance is called the energy distance. A finite thickness of 
air must be under a stress of 30 kv. per cm. or more before 
breakdown occurs. 

Prex, F. W. (Trans. A. I. EH. BH. 1912, vol. 31-1, p. 1051) 
showed that the energy distance for corona around cylindrical 
wires varies with the relative air density s and is. 


0.301 \ : cn, 


Prex, F. W. (Trans. A. I. E. E. 19138, vol. 32-2, p. 1767) 
showed that the energy distance for spheres is 


“ 
0.54 x — 
s 


and that where the electrodes are placed closer together than 
the energy distance, the apparent dielectric strength increases. 

Prex, F. W. (Trans. A. I. HE. E. 1915, vol. 34-2, p. 1857) 
showed that the time lag of breakdown is conveniently measured 
in micro-seconds, and that the lag varies with the electrode 
and is a maximum for the needle gap and a minimum fora 
uniform field or for a sphere gap.4 4 

Wuitexeap, J. B. anp Brown, W. S. (Trans. A. I. E. E. 
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1917, vol. 36, p. 169) showed that corona appears at a lower 
value when the wire is positive than when negative, the maxi- 
mum excess of negative over positive (which occurred for small 
diameters) being 6.3 per cent. The values for alternating current 
coincide with those for negative continuous voltage. Hvidences 
in favor of Townsend’s theory of ionization by collision are given. 

PreEx, F..W. (Dielectric Phenomena, p.84) says that air be- 
tween concentric cylindrical electrodes has its maximum electric 
strength when the diameter ratio is 3 instead of 2.72, the value 
to be expected if the logarithmic formula were strictly applicable. 
This he deduces from the energy-distance and checks. experi- 
mentally. 

Prrx, F. W. (Dielectric Phenomena, p. 85) says that the 
corona in air seems in effect to be either a series resistance or 
it grades or distributes the flux density when the conductor 
configuration is such that corona occurs before spark-over. He 
said that under this condition spark-over between concentric 


cylinders, does not occur when = critical ratio, where 


Ul 
r, = radius of corona, and R = radius of outer cylinder. 


Ill. Ionization of Gas in Solid Insulation 

Frssenpen, R. F. in 1898 made experiments which showed 
the danger of air bubbles in solid insulation. 

Perrine, F. A. C. (Trans. A. I. E. BE. 1902, vol. 19, p. 1067) 
said that the failure of cable insulation is sometimes due to 
the presence of spaces filled with rarefied gases. 

PETERSEN, W. (Archiv. fur Elektrotechnik, 1912, vol. 1, p. 28) 
called attention to the fact that air films in a dielectric of specific 
capacity K, are subjected to a stress of K times that in the sur- 
rounding medium, and that ionization may therefore occur 
therein at comparatively low voltages. He also said that ions 
are shot from these films into the surrounding medium. 

Dussxy, F. (Trans. A. I. E. E. 1919, vol. 38-1, p. 537) 
measured the dielectric strength of thin air films between glass 
plates. He then applied these data theoretically to assumed 
gas spaces in solid dielectrics and showed the possible conditions 
under which ionization was likely to occur. 

SHANKLIN, G. B. anp Matson, J. J. (Trans. A. I. E. HE. 1919, 
vol. 38-1, p. 489) measured the ionization voltage in actual 
insulation designs by the dielectric loss method. In the ease 
of coil insulation, such as varnished cambric and mica-paper, they 
give evidence showing that ionization not only occurs in the 
entrapped gas spaces but that it can cause serious damage. 
In the case of paper-cables, evidence is given showing that a 
true ionization occurs. However, the exact nature of this 
ionization, its position, and the possibilities of serious damage 
are not clearly shown. 


IV. Dielectric Failure of Transformer Oil 

Topry, H. W. (Trans. A: I. E. EB. 1910, vol. 29, p. 1189) 
after discussing generally the testing of oils for dielectric strength, 
gives particulars of the influence of moisture on this property. 

Henpricks, A. B. (Trans. A. I. E. H. 1911, vol. 30-1, p. 167) 
showed that moisture has an important effect in reducing the 
dielectric strength of insulating materials. In the case of 
transformer oil, if H be the kilovolts producing breakdown 
between 0.5 in. dises, 0.2 in. apart, and x = parts of water in 
10,000, by volume, then 


19.2 
0" 284 


B= 


. Henpricks, A. B. (Trans. A. I. EH. B. 1911, vol. 30-3, p. 1975) 
stated that transformer oil between concentric cylindrical elec- 
trodes has its maximum electric strength when the diameter 
ratio is about 7 instead of 2.72, the value to be expected if the 
logarithmic formula were applicable. He also said that the 
dielectric strength of transformer oil is increased by mechanical 
pressure, an increase from 0 to 200 Ib. per sq. in. increasing the 
dielectric strength 50 per cent. This, by the electron theory, 
is due to the decreased mobility of the ions under pressure. 
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Prex, F. W. (General Electric Review, Aug. 1915, vol. 18, p. 
821) states that a phenomenon similar to corona in gases also 
takes place in liquid insulations, such as oil, due to tearing apart 
of the molecules of the oil or occluded gases. It seems that 
occluded gases often take an important part in supplying initial 
ionization. The effect of moisture is also pointed out. 

Peek, F. W. (Trans. A. I. E, E. 1915, vol. 34-2, p. 1857) 
found that the time lag is much greater for oil than for air. 

Hirose, T. Ogawa, W., ann Kuso, S. (Report, Electro- 
chemical Laboratory Tokio, Japan, 1916, report No. 25-3) 
showed that dust and fibrous matter in oil impair its insulating 
power, and that moisture has but little effect without absorbing 
media. 

Preex, F. W. (Dielectric Phenomena, 1920) showed that the 
dielectric strength of transformer oil can be increased by the use 
of baffles which confine the motion of the ions, impurities, ete. 

Preex, F. W. (Dielectric Phenomena, 1920) showed that 
transformer oil under electric stress exhibits properties similar 


to air. He showed that the energy distance is about 1.2 Vr em. 
i.e., about four times that of air, and that with such an energy 
distance, corona and spark-over voltages wil be equal for ratios 


of ft up to at least 300. 
T; 


Haypen, J. L. R. anp Eppy, W. N. (Jour. A. I. E. E., Feb. 
1922) show how the failure of transformer oil depends upon 
the presence of impurities. They compare the number of failures 
at each voltage with the number to be expected according to 
the curve of probability, and find that they do not agree. 


V. Electric Properties of Petrolatum. 

Matcuszs, L. (Comptes Rendus 1910, vol. 151, p. 63) furnished 
the idea that the behavior of petrolatum in an electric field is 
the result of free ions which are mobile when the petrolatum is 
fluid and immobile when it is jelly. 


VI. Residual Charge, 
Effects. 
Farapay, M. (Experimental Researches in Electricity, 1839) 
was probably the first to notice the phenomenon of residual 
charge. 


Horxinson, J. (Phil. Trans. 1877, vol. 167, p. 599) showed 
that the residual charge is proportional to the exciting charge 
and gives results on experiments performed on several kinds of 
glasses, showing the effects of temperature. He noted that the 
residual charge in a Leyden jar can be promoted by tapping 
the dielectric, an indication that such charges are due to some 
internal polarization which is affected by shock. 


Ayrton, W. E. anp Perry, J. (Proc. Royal Society 1878, 
vol. 27, p. 238) said that dielectrics exhibit an increase of strain 
under a prolonged constant dielectric stress and said that this 
was due to the ‘‘viscosity of the dielectric’. They explained 
viscosity on the basis of the presence of comparatively conducting 
particles in ‘dielectrics of heterogeneous composition”’ and sug- 
gested that dielectrics and metals might owe their different 
properties to the presence of rotary molecular motion in the one 
and motion of translation in the other. 


Muraoxka, H. (Wied. Ann. 1890, vol. 40, p. 329) found that 
while paraffin and xylol showed practically no residual charge 
when separate, a layer of xylol on a layer of paraffin showed 
residual charge. ; 


Maxwe tu, J. C. (A Treatise on Elec. and Mag. 2nd ed. 1881, 
vol. 1, chap 10, p. 412) proved theoretically that a compound 
dielectric built up of layers of different non-absorptive dielectrics 
would exhibit both absorption and residual charge effect pro- 
vided that the product pk is different for each lamina. (p = 
resistivity and k = specific capacity. 

Steinmetz, C. P. (Elec. Eng. 1892, vol. 13, p. 272) showed that 
the energy consumed by a dielectric medium under alternating 
electrostatic strain is directly proportional to the square of 
the intensity of the electrostatic strain or H = k E*. Hence, 


Power Factor and Associated 
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whereas magnetic hysteresis follows the law of the 1.6th power, 
dielectric hysteresis follows the law of the square, that is, it 
acts just the same as a mere dead resistance connected into the 
circuit. 

BeEpELL, F.. anp Kinasury, C. (Phys. Rev. 1894, vol. 2, p. 170) 
showed by the use of curves, the effects of a previous nega- 
tive charge upon successive residual discharges, he effect of 


’ absorption upon the discharge curves, the effects of temperature 


on the resistance of oils and solid dielectrics. 

Sternmetz, C. P. (Elec. World 1901, vol. 37, p. 1065) cited 
experiments on a paraffined paper condenser, showing that the 
dielectric loss is proportional to the square of the voltage and 
practically independent of the frequency. He suggested that 
the loss was largely due to mechanical motion of occluded air 
molecules under the influence of the alternating stress. 

Dryspap, C. V. (Electrician 1901, vol. 46, p. 890) gave data 
on dielectric loss in cables and condensers, and called attention 
to its importance due to the energy loss being a continuing one 
regardless of the load. He also gave tables of losses in dielectries, 
power factors, ete., for different types of mica condensers with 
varying pressures. 

Torcuio, Puitrp (Trans. A. I. EB. Cos. 1902, pp 217-219, 
quoted in Trans. A. I. E. BE. 1917, vol. 36 pp. 499-501) gave 
results of measurements of dielectric losses on long feeder cables 
installed, and stated that ‘‘the dielectric losses are approximately 
proportional to the frequency, to the square of the voltage and 
to a certain function of the temperature not yet determined. 
The temperature however, increases considerably the dielectric 
losses.” 

Sxinnemr, C. KE. (Trans. A. I. E. E. 1902, vol. 19, p. 1047) 
showed that dielectric loss varies with frequency, but not always 
in direct proportion. The variation from proportionality was 
especially marked at higher temperatures. He also showed 
that not only is the loss greater at high temperatures, but so is 


. the rate of increase of loss. 


Perrine, F. A. C. (Trans. A. I. E. E. 1902, vol. 19, p. 1067) 
said that work with cables has shown that a slight amount of 
moisture in the insulation will materially increase the heating 
and that heating of this character almost invariably results 
in final breakdown. 

Monascu, B.. (Annalen d. Physik 1907, vol. 22, p. 905) says 
that the loss varies strictly as the square of the impressed voltage 
up to the point of formation of corona and that in cables at 
ordinary frequencies, the loss is approximately proportional to 
the frequency. 

Fisuer, H. W. (Trans. A. I. E. E. 1907, vol. 26-2, p. 997) 
gave data on the dielectric loss in rubber compounds and showed 
that compounds containing a large amount of extractive matter 
may have lower losses than those containing small amounts. 

Trauton, F. T. anp Russ, 8. (Proc. Royal Soc. 1907, vol. 20, 
p. 551) showed experimentally that the recovered (residual) 
charge does not follow an exponential law as derived by Maxwell, 
but a logarithmic law. 

SHuppEMAGEN, C. L. B. (Prov. Am. Acad. of Arts & Sci., 
1909, vol. 44, p. 467) showed that the current which forms 
residual charge, or in other words, the absorption current, is 
far from negligible when the charging interval is very small. 


Hocustrarptsr, M. (Hlek. Zeit. 1910, vol. 31, p. 467) reported 
that tests on impregnated paper cables showed the dielectric 
loss to be exactly proportional to the frequency. He found that 
the maximum voltage in each eyecle occurs simultaneously with 
the zero value of the current, but the maximum current does not 
coincide with zero voltage. He made a ‘‘dielectric hysteresis 
loop” from oscillograms and deduced therefrom the capacity, 
residual charge and dielectric loss. ; 

Decomsre, L. (Comptes Rendus, 1911, vol. 152, pp. 315 and 
1755) discusses dielectric loss in relation to polarization and 
makes some developments of Maxwell’s theory. His reasoning, 
which is typical of that of several other physicists, is as follows: 

The charge in a condenser is made up of two parts, one k E#, 
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due to an ether displacement and the other m, to a polarization 
of the dielectric, or g = m +k £#H. According to the theory of 
Lorentz, 
d* m 
dt? 


where a, b, and c are positive coefficients. 


dm . 
————- b = 
a ae cP +bm=E 
If the voltage EF is 


=m 
265 which is proportional to f?, where f 


alternating the term 


is the frequency is negligible, unless the frequency is of the order 
of that of light. Hence 


Sesh devotes 
cat ih 


But the energy absorbed is Hdgq,i.e., E(dm-+kdE). Fora 
complete period the energy lost, if assumed to be dependent on 
the polarization of the dielectric, therefore equals 


r. © i 2 
m 
Ed —- 
a mor fc ({r)a 


Hence, the alternate charge or discharge of a condenser causes a 
dissipation of energy proportional to the square of the polariza- 


é m 
tion current, ——. 

dt 

Rayner, EH. H. (Jour. J. H. E. 1912, vol. 49, p. 3) reported 
the results of an extended investigation to determine the relative 
effects of a short application of high test voltage or longer appli- 
cation of lower test voltage. He also gave considerable informa- 
tion about the effect of humidity and temperature on the dielec- 
trie strength of insulating materials. The paper has a bibliog- 
raphy on the subject of dielectrics, containing 300 references, 
dated from 1864 to 1912. 

_Watker, Mitss (Jour. I. E. H. 1912, vol. 49, p. 71) showed 
that if curves be made with temperature for abscissas and watts 
for ordinates, one curve giving the power lost in the cable and 
the other the power dissipated, an increase of temperature will 
be cumulative if the dissipation curve is above the loss curve, 
and non-cumulative if the reverse is true. 

Fiemine, J. A. anD Dyxn, G. B. (Jour. I. E. E.1912, vol. 49, 
p. 323) showed that two non-absorptive condensers of different 
capacities, each in series with a non-inductive resistance and 
the two connected in parallel, will act as a single condenser 
having absorption, if the products ci ri and czr2 are unequal. 
This paper and the discussion thereon, give a clear theoretical 
treatment of the subject and considerable experimental data to 
support the theory. 

ADDENBROOKE, G. L. (Electrician, 1912, vol. 68, p. 829) 
showed by measurements at different frequencies that dielectrics 
may be considered to consist neither of capacities and resis- 
tances in series nor of capacities and resistances in parallel. 
He also showed that the loss in liquid dielectrics is independent 
of the frequency above a certain point whereas in solids it in- 
creases with the frequency, but not always according toa linearlaw. 

Punes, L. (Archiv. f. Elektrotechnik 1912, vol. 1, p. 329) showed 
that the dielectric losses in transformer oil are practically in- 
dependent of the frequency. He concluded from this that the 
losses are due to ionic conduction rather than hysteresis. Resin 
oil showed similar properties the loss increasing but slightly 
with the frequency. 

ADDENBROOKE, G. L. (Electrician 1913, vol. LXX, p. 673) 
gives data on dielectric loss in gutta-percha. He found the power 
factor to vary as follows with frequency. 


Power Factor 


Cycles Per Cent 
46 4.0 
12 5.5 
6 6.3 
3 T.2 
OS aM Al 346 TAB 
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Waaner, K. W. (Ann. der Phys. 1913, vol. 40, p. 817, and 
Elek. Zeit. 1913, vol 34, p. 1279, developed Maxwell’s theory of 
residual charges arriving like Maxwell, and unlike Trauton and 
Russ, at an exponential equation for residual charge current. 
He showed that his theory is consistent with observed facts 
regarding the relation between power factor and frequency. 
He also showed that his theory leads to the possibility of more 
than one maximum of dielectric loss at various temperatures, 
this also being in accordance with observed facts. 


EVERSHED, S. (Jour. of I. H. E. 1914, vol. 52, p. 51) says that 
in absorbent insulators the conduction is not normally through 
continuous filaments of moisture but byendosmose. Heexplains 
endosmose as a motion of films of water along the walls of an 
insulator due to the water being electropositive to practically 
all solid insulating materials and being therefore drawn through 
the pores of the solid toward its electronegative end, where a 
potential gradient is impressed on the solid. - He explains the 
well-known time fall of insulation resistivity as being due to 
the spreading of moisture globules over internal surfaces of the 
solid insulation under the influence of endosmose, 7. e., normally 
the moisture exists in globules separated by dry internal laby- 
rinth surfaces of solid, but when a potential gradient is applied, 
these globules spread over the surfaces of the labyrinth and 
reduce the resistance. When the potential gradient is removed, 
the films coalesce into globules causing the resistivity to rise. 
Under the influence of an alternating potential gradient, the 
globules do not have time to spread over the surfaces, but vibrate, 
causing a loss of energy. Evershed made a model insulator 
consisting of an inverted V-tube containing alternate drops 
of water and air, the ends of the tube being each set in a beaker. 
When a potential gradient was established between beakers, 
the drops of water spread along the walls of the glass tube, 
and the resistance characteristics were found to be similar to 
those of an absorbent insulator. When the potential gradient 
was raised, failure began in the form of sparking along the films 
from one drop to another. 

Waaner, K. W. (Elek. Zeit. 1915, vol. 36, p. 111) developing 
Maxwell’s theory of composite dielectrics shows by simple 
calculations that in a dielectric composed of two elements, one 
of which has resistivity r and specific capacity k and the other 
resistivity R and specific capacity K, the residual charge will 
be zero ifrk = RK. He also suggested that the dielectric loss 
would be zero under these conditions. 

Skinner, C. E. (Jour. Franklin Inst. 1917, vol. 183, p. 667) 
showed that the dielectric loss in transformer insulation follows 
the equation W = k E” where the constants have the following 
values: 


Temperature 
Deg. Cent. k n 
30 0.025 2.34 
40 0.032 2.27 
50 0.044 2.22 
60 0.068 2.21 
70 0.107 2.18 
80 0.155 2.15 


W = Watts lost and E = effective kilovolts. 


Bana, A. F. anp Louis, H. C. (Trans. A. I. E. HE. 1917, 
vol. 36, p. 431) following the method: suggested by Walker, 
developed a method of determining the influence of dielectric 
losses on the rating of cables. They determined dielectri¢ 
losses by the heating effects and gave data on the emissivity 
of conduit lines. 

Crark, W.S. aNp SHANKLIN, G. B. (Trans. A. I. E. EH. 1917, 
vol. 36, p. 447) give formulas for calculating dielectric loss in 
three-phase cables, data on dielectric losses, resistivities and 
specific capacities. They showed that when an impregnated 
paper cable is bent, voids are created which become filled with 
gases from the volatilization of the oils, pp. 458-460. ‘These 


546 


reduce the resistivity at high voltages due to the ionization of 
the gases. A comparison of losses in old and new cablesis given. 

Arxinson, R. W. (Trans. A. I. E. BE. 1917, vol. 36, p.521) 
says that tests on impregnated paper cables at 25 and 60 eycles 
showed that the loss at 25 cycles is always somewhat less than 
at 60 cycles, and in some eases, is in almost direct ratio with the 
frequency. In other cases, there is little difference. Tests 
on a dried but unimpregnated paper lead cable showed the di- 
electric loss to be extremely low at all temperatures. 

Swynaepauw, R. (Revue Gen. d’Hlec. 1919, vol. 5, p. 283) 
said that tests on triplex cables indicate that the dielectric loss 
obeys the following law: 

W=(a+bE)\fCEH 

where a and b are constants, C is the capacity, f the frequency 
and E.the voltage. 


VII. Grading of Insulation 

Jona, E. (1898) made graded cables and exhibited them at 
Milan. 

O’Gorman, M.. (Journal I. E. E. 1901, vol. 30, p. 608) showed 
that to get uniform stress in a dielectric, the product K x must 
be constant where K is specific capacity and « = radial distance 
from the axis of the cable. 

Morris, J. P. (Jour. I. E. E. 1907, vol. 40, p. 50) claims 
to have first suggested the use of intersheaths in the cable instal- 
lation, in order to anchor the potential of the various layers of 
insulation in any manner desired by means of connections out- 
side of the cable. 

Russe, A. (Jour. I. H. E. 1907, vol. 40, p. 7, and Electrician 
1907, vol. 60, p. 160) said that when a dielectric under stress 
breaks down, a disruptive discharge ensues only when the effect 
of this partial breakdown is to increase the electric stress on the 
remaining portion. He also pointed out that in a composite 
dielectric subjected to alternating pressures, the voltages across 
the layers are usually out of phase with one another, and there- 
fore that across each layer may be greater than indicated only 
by the thickness of the layer. 

Osporne, H. (Trans. A. I. E. E. 1910, vol. 29-2, p. 1553) 
gave revised form ulas for the design of graded cables. He also 
advanced the theory that solid heterogeneous dielectrics fail due 
to corona in the elements of lower specific capacity. This corona 
is assumed to be in the form of needle points. 


Beaver, C. J. (Jour. I. E. E. 1914, vol. 58, p. 57) mentions 
disadvantages of graded insulations and claims that desired 
results could be better obtained by means of intersheaths, 
because (1) no chemical interactions, (2) easier to joint, (3) no 
electrical discontinuity, (4) could be tested layer by layer as 
manufactured, (5) much wider latitude in choice of potentials. 

Cuark, W.S. AND SHANKLIN G. B. (Trans. A. I. E. E. 1919, 
vol. 38-1, p. 923) say that practically no advantage is gained by 
an attempt to grade with rubber, varnished cambric and im- 
pregnated paper because the maximum allowable working stresses 
in these materials are inversely as their specific capacities. 
They claim that it is better to have the insulation a homogeneous 
compact mass of impregnated paper. 


VIII. Miscellaneous Data 


Ruerns, G.(Comptes Rendus, 1900, vol. 131, p. 505) says that 
the metal of cables penetrates the insulation and destroys its 
insulating properties. He said that after 20 years, gutta- 
percha insulation will show copper in its outer layers, whereas 
with impregnated paper only a few layers were penetrated in 
four years. (No other experimenters report this phenomenon). 

O’Gorman, M. (Jour. I. HE. E. 1901, vol. 30, p. 608) called 
attention to the effect of putting in series two elements of insu- 
lation having different specific capacities. He showed that the 
potential gradient is altered, the material of lower specific 
capacity carrying the greater part of the total potential drop 
across the two elements. (This fact seems to have been known 
to others at an earlier date.) 
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Newpsory, F. J. (Cited by Perrine, Trans. A. I. E. E. 1902, 
vol. 19, p. 1067) said that in his experiments with fiber cables 
he could increase the dielectric strength of the cable up to a Ger- 
tain point, by increasing the thickness of insulation; beyond 
that point the cable seems to breakdown at almost the same 
potential,*irrespective of increase in thickness. 

Lanesporr, A. S. (Elec. World 1908, vol. 52, p. 942) reported 
tests on various insulating materials at frequencies from 30 to 
110, that seemed to indicate that if the applied e. m. f. is above a 
certain critical value, breakdown occurs after a definite number 
of repetitions of the electrostatic stress. 

Tuornton, W. M. (Phil. Mag. 1910, vol. 19, p. 390) showed 
that the electrical movement in a dielectric, when isolated in 
the field, is entirely confined to the molecule and is therefore 
neither metallic nor electrolytic in type, but is a continued dis- 
placement of the atomic charges to a greater degree of separation. 

PETERSEN, W. (Archiv. fur Elektrotechnik 1912, vol. 1, p. 28) 
showed that the refraction of lines of forces at the junction of 
two particles of different specific capacity in a dielectric may lead 
to an increase of dielectric stress. 

Hourrum, W. (Abstracted from a report to I. E. KE. in Elec- 
trician 1913, vol. 71, p. 640) made tests on the relative dielectric 
strengths of ebonite for instantaneous and prolonged 50-cycle 
voltages and found that for stresses lasting a tenth of a second, 
the strength is only 25 per cent greater than for long continued 
stresses. - 

Licutenstein, L. (#. T. Z. 1917, vol. 38, p. 1179) says that 
the progress in the use of thin walls of insulation for high volt- 
ages is not due to a lower standard of safety in working, but 
to improved chemical, physical and mechanical processes of manu- 
facture. He says that probably at very high test pressures an ex- 
cess of 25 or 50 per cent over the working pressure ought to suffice. 

Burman, C. A. (Elec. World 1918, vol. 71, p. 812) showed that 
the specific capacity of a heterogeneous combination, such as 
of fullerboards soaked in oil, separated by three layers of para- 
ffin, may be greater than that of either component alone. Thus, 
combination = 4.25, fullerboard = 3.32, paraffin = 3.69. 

Frrniz, F. (Electrician Oct. 10, 1919, p. 416) pointed out the 
superior dielectric strength of oil around small as compared 
with large conductors. 

ZELENY, J. (Phys. Review 1920, vol. 16, p. 102) explained the 
added dielectric strength of an ionizable dielectric in contact 
with a small electrode as being due to the high potential gradient 
at the surface of the electrode as compared with that a short 
distance away, the velocity of the ions consequently dropping 
below the value necessary for ionization by collision, when 
they have travelled a short distance from the electrode. 

Frrniz, F. (Beama, Sept. 1921, p. 244) suggested that the 
stress which determines the failure of a cable is the minimum 
stress not the maximum. 

Fuieut, W. 8. (Journal I. HZ. E.1922, vol. 60, p. 218) gives data 
on the effect of heat on the electric strength of paper, micarta, 
varnished cloth and other materials. He showed that the elec- 
trie strength of varnished cloth is about 42 per cent less at 100 
deg. cent. than at 30 deg. cent., that of oil saturated paper, 
about 27 per cent less. 
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the incompleteness of the summary, and has made but 
little effort to settle questions of priority in dis- 
covery. It is hoped that the discussion will correct 
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Discussion 
For discussion on this paper see page 611. 


Dielectric Losses and Stresses in Relation to 
Cable Failures 


BY D. W. ROPER 
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Commonwealth Edison Company, Chicago 


Review of the Subject.—When transmission cables were 
first operated at potentials exceeding about 7500 volts, it was 
noted that cable failures occurred in service with loads materially 
below those which had theretofore been found to be permissible 
with low-voltage cables, and this reduction in carrying capacity 
increased with increase of the normal working potential. For 
example the author has previously reported that No. 0 A. W. G. 
four conductor cables operating on a four-wire three-phase system 
with a maximum normal potential of about 4060 volts between 
phases carry 200 amperes on each of three conductors without damage 
due to the overheating, whereas a 250,000-cir. mil cable operated 
at 20,000 volts was found to have excessive burn-outs if the load 
exceeded 175 amperes per conductor. 

For a number of years it has been recognized that this reduction 
in carrying capacity of high-voltage cables was due to the dielectric 
losses and a number of papers have been presented to the Institute 
on this subject. A temperature survey of the 20-kv. cable above 
mentioned showed that nearly all of the burn-outs occurred in a 
portion of the conduit near the substation, which conduit contained 
a large number of heavily loaded cables, and in which the tempera- 
ture was 10 deg. to 15 deg. cent. higher than the rest of the condutt. 
This portion of the 20-kv. line was replaced over two years ago 
with cable having a low dielectric loss, since which tume no further 

' cable failures have occurred. 

The method of analysis first suggested by Bang and Lowis and 
later extended by Clark and Shanklin was applied to this particu- 
lar case, and the carrying capacity for the cable as determined in 
this manner was found to agree closely with the results of experience. 
The method was therefore extended so as to determine the law con- 
necting the size of conductor, the dielectric loss and the carrying 
capacity. Curves and charts are presented showing the carrying 
capacity of all sizes of three-conductor cables above 100,000 cir. mils 
and of the entire commerical range of dielectric losses. These 
results were then compared with the operating records of atransmission 
system having cables ranging in size from No. 00 A. W. G. to 500,000 
cir. mils and with operating voltages of 9, 12, 20 and 22 kv. The 
results of this comparison appear to indicate that practically all 
failures on these transmission lines, which were not due to external 
damage to the lead sheath, were due to the cables being loaded beyond 
their safe carrying capacity, and that the dielectric losses had not 
been given proper consideration in determining the carrying ca- 
pacity of these cables. 


During the year 1921 the number of cable failures on the 20,000- 
volt lines was about one per hundred miles. This was about the 
same as the record on the 9000-volt cables, and this result leads to 
the conclusion that when the transmission cables are operated 
at safe loads, in the determination of which dielectric losses have been 
given proper consideration, the resulting failures are of the order 
of one per hundred miles per year. This result indicates that very 
few of the cable failures which have occurred in the past are due to 
dielectric stresses and that most of the failures occur due to the re- 
duction in dielectric strength caused by the heating of the cables 
above their critical temperature. 


Foreign cable manufacturers and operating engineers have 
apparently appreciated the reduction in carrying capacity due 
to dielectric losses as they ordinarily limit their maximum con- 
ductor temperature to a point well below the critical temperature 
as determined by these investigations. Their publications also 
appear to indicate that they fully appreciate that the quality of 
the insulation is of prime importance and that increased security 
cannot be obtained by increasing the thickness of insulation without 
improving the quality. The tests on cables made at the factory 
indicate that with the thicknesses of insulation that are commonly 
used in this country, and with the insulation of the first quality, 
the cable will pass the test required by the Standards of the A. I. E. E. 
with a wide margin of safety. 


Dielectric strength tests made on foreign cables and reported 
in the technical press indicate that the dielectric strength is generally 
materially above the corresponding figures obtained from tests on 
cables made in this country by a number of leading manufacturers. 
Apparently some material reductions in the thicknesses of insulation 
now used in this country for the transmission voltages can be made 
af the insulation is of first quality and has a low dielectric loss. 
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INTRODUCTORY 


URING the past few years a number of papers 
concerning dielectric losses of impregnated 
paper insulation has been presented to the 

Institute and has contributed interesting and valuable 
information to our knowledge of this subject. As this 
knowledge increased, it has been apparent to some 
engineers that many of our transmission cable burn- 
outs were due to the dielectric losses and the resultant 
heating and not primarily to the dielectric stresses. 
In the past, engineers in charge of the operation of 
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transmission cables have repeatedly stated that trans- 
mission cables did not burn out from overload, and 
apparently based this statement on their experience 
with the carrying capacity of low-voltage cables. It 
now appears that these statements were in error, and 
that in making these statements, the engineers did 
not appreciate the extent to which the carrying ca- 
pacity was limited by the dielectric losses. If the 
present symposium, of which this paper is a part, will 
do something toward clarifying our ideas on the relation 
of dielectric losses, dielectric stresses and temperature 
of the insulation to cable failures, it will have served a 
very useful purpose. 
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DATA ON CABLE FAILURES 
In order to secure some data which might assist in 
reaching proper conclusions on this subject, the records 
of the transmission line of the Commonwealth Edison 
Company for the past eighteen years have been com- 
piled and are shown in Figs. 1, 2 and 38. In preparing 
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Fia. 1—Recorp oF 9000-VoLtt TRANSMISSION CABLE FAILURES 


On system of Commonwealth Edison Company. 

Curve 1—Internal troubles. 

Curve 2—External damage. 

Curve 3—Total. 

Troubles due to lightning; failures on tests and joint troubles excluded. 


these records, all failures caused by external injury to 
the lead sheath or by lightning, or failures on test, 
and all joint troubles have been eliminated so as to 
leave only failures of the cables which occurred in service. 
The amount of transmission line in service throughout 
this period is shown in Fig. 4. 

Previous to 1919 all of the cables on this system 
had the paper insulation impregnated with a rosin oil 
compound. Beginning with that year, the cables 
have been purchased under specifications which in- 
cluded a dielectric loss guarantee, and in each succeeding 


year there has been some reduction in these guarantees. ~ 


As a result, this record includes transmission cables 
ranging in size from No. 00 A. W. G. to 500,000 cir. 
mils and having dielectric losses ranging from about 


50 


(7 
oe 
4 5 |BURN-OUTS PER 100 MILES 
: vette 
* : 


BURN-OUTS PER 100 MILES 


0 
1903'05 '07 '09 ‘11 ‘13 '15 '17 '19 '21 
YEARS 


. Fre. 2—Recorp oF 12,000-Votr TraNsmission CABLE 
‘ FAILURES 
Curves 1, 2 and 3, same designations as Fig. 1. 
0.5 to 15 watts per foot or more when measured at 
85 deg. cent. at their normal operating voltages of 
9, 12, 20 and 22 kv. It would be confusing to show 
the dielectric loss curves in watts per foot for this 
large range of sizes, as the losses vary with the size of 
the conductor. It will be more illuminating to show 
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the range of power factors of the dielectric loss for 


. the various kinds of cable, and an assortment of such 


curves is shown in Figs. 5 and 6. 
In order to analyze the operating results for the pur- 


pose of determining which, if any, of the cable failures 


have been due to dielectric losses, it is necessary to 
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Fig. 3—Recorp or 20,000-Vott Transmission CABLE 
FAILURES 
Curves 1, 2.and 3, same designations as Fig. 1. 


devise some method of rating the cables, that is, a 
method of determining their carrying capacity which 
will take into consideration the dielectric losses as well 
as the copper losses. Such a method was suggested 
by Bang and Louis in their Institute paper on Dielec- 
tric Losses, presented in June, 1917, and further de- 
veloped by Clark and Shanklin in their paper on Single- 
Conductor High-Tension Cable, presented to the In- 
stitute in June, 1919. The application of the method 
may be best understood by its application to a spe- 
cific example. 

In March, 1917 there was placed in service a 250,000- 
cir. mil three-conductor 22,000-volt transmission line, 
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Fig. 4—Amount or UNDERGROUND TRANSMISSION CABLE 
IN Service, COMMONWEALTH EpIson Company 


No. 3801, from a suburban generating station into one 
of the outlying substations. The 4000 feet of this 
cable next adjacent to the substation was in a heavily 
loaded conduit, and repeated burn-outs occurred in 
this section. A temperature profile of this conduit 
taken by a recording thermometer in one of the vacant 
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ducts is shown in Fig. 7. A sample of this cable was 
tested for dielectric loss, and the results are shown in 
Fig. 8. In the hope of reducing the number of failures 
in this cable, the 4000 feet in the heavily loaded con- 
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Fig. 5—Drevecrric Loss Curves or 12,000-V ot? CABLES 


The highest power factors are from cables impregnated with rosin oil 
compounds, The lowest losses are from cables impregnated with a mineral 
oil compound. The intermediate curves are from cables with various 
mixtures of the two compounds. 


duit was replaced with cable having a low dielectric 
loss as shown in Fig. 8. In the same figure is also 
shown the Clark and Shanklin line for average duct 
radiation which was obtained as the average of a large 
number of observations, and shows for each tempera- 
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ture the number of watts that can be radiated from 
the cable in one duct. In order that the temperature 
of the cable may be constant, the losses in the cable 
must equal the amount of heat radiated. With a 
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curve showing the variation of dielectric loss with 
temperature to start with, we can for any temperature’ 
subtract the dielectric losses from the total radiation 
and secure the copper losses. From the latter figure, 
the current in the cable can be readily calculated. The 
results of such calculations for the old and the new 
cable are shown by curves in Fig. 8. 
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Ling No. 3801 
Taken about April 1, 1922. 
The temperature near the substation was lower at this time than at the 
time of the line failure described in the text due to several loaded cables 


having been removed from the conduit line, thus reducing the total losses 
in conduit about 15 or 20 per cent. 


A chart from the recording ammeter on this line 
is shown in Fig. 9. This chart shows a normal load of 
about 150 amperes on the line up to about 5:20 p.m. 
at which time, owing to some trouble in other portions 
of the system, the load was increased to about 225 am- 
peres for about an hour and three-quarters. As it 
was known that this line would not carry this load 
continuously, the load was reduced about 7:15 p.m. 
to what was considered a normal load for the line, and 
this load was carried until about 11 p.m., when a 
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These cables were 250,000-cir. miJ., three-conductor with 19/64-in. 
paper around each conductor and 7/64-in. outer belt, for a normal working 
voltage of 22 kv. Old cable had round conductors, new cable has sector- 
shaped conductors. 


further reduction occurred. The line burned out the 
following morning about 3:30 a. m. 

_ Referring now to Fig. 8, it will be noted that the 
current of 225 amperes was materially above the 
critical current for this line. This means that the 
losses in the cable were greater than the radiation, so 
that the temperature rapidly increased. A peak load 
of 175 amperes had previously been found possible 
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with this line if it did not continue very long and was 
sharply reduced thereafter. .In this case, however 
the load of 175 amperes, which is about the critical 
load for this line, followed a peak load somewhat 
greater so that the temperature of the line having been 
materially increased by this heavy load, the total 


Fig. 9—ReEcorpiInc AMMETER CHART ON LINE No. 3801 


Showing a load in excess of the critical current in the evening, followed by 
failure about 3:30 the following morning, October 28, 1919. 


losses with 175 amperes were still above the radiation 
line, and the temperature continued to increase so 
that when the load. was still further reduced to 100 
amperes about midnight, the temperatures continued 
to increase until the line failed. These statements do 
not mean that the temperature of the cable through- 
out its entire length increased as above described, and 
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Ficg. 10—Laxsoratory Heat Txrsr on 250,000-Crr. 
TuHREen-CoNnDUCTOR CABLE 

With 6/32-in. insulation around each conductor and 4/32-in. outer belt 
paper insulation impregnated with rosin oilcompound. Reproduced from 
Report of Underground Systems Committee, National Electric Light 
Association, 1913. 

A. Cable operated with 225 amperes at 12,000 volts. 

B. 225 amperes, 0 volts. Temperatures taken by thermometers. 


Min 


in fact it is very probable that the temperature did 
not increase above normal except for a very small 
portion of the cable where the dielectric losses were 
higher than in the adjacent portions. This is demon- 
strated by Fig. 10 which shows the results of a labora- 
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tory test made on a piece of 250,000-cir. mil, three- 
conductor cable and is from the N. E. L. A. Under- 
ground Systems Committee report for 1918. This 
cable was operated with 225 amperes on each con- 
ductor, and with 12,000 volts between conductors. 
It will be noted that the heating in the cable was far 
from uniform throughout its length and that at one 
point the temperature was about 18 deg. cent. above 
another point eight feet distant. The figure indicates 
that had the thermometer at this high point been a 
little further to the right, a still higher temperature 
would have been recorded. 

Following the experience in this case, the practise 
was adopted of shifting the load within a few hours 
after a heavy peak load had been carried so that the 
line could be opened at both ends thus stopping the 
dielectric losses. The line then cooled rapidly so that 
it was at normal temperature before being placed in 
service for the day load the following morning. This 
method of operation was followed until the cable in 
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Fig. 11—Hratr Run on No. 00 Turee-Conpuctor CABLE 


With 9/32-in. insulation around each conductor and 6/32-in. outer 
belt paper insulation, impregnated with rosin oil compound. 


the 4000 feet of hot conduit had been replaced by the 
cable with low dielectric loss, and as a result, no further 
burn-outs have occurred on this line. 


It is quite possible however, that cable failures due 
to dielectric losses may not occur until several days 
after the line has carried a load in excess of the critical 
current. This may be illustrated by Fig. 11 which 
shows the increase in temperature in a cable which 
carried current only for about 9 hours and then current 
and potential for 10 additional hours. The upper part 
of this temperature curve indicates that had the test 
been continued a few hours longer, the curve would 
have become concave upward in which case the cable 
would have failed within a short time. 


If a cable carries a maximum load that is less than 
the critical current each day on an ordinary load cycle 
with a daily load factor of about 50 per cent, then the 
cable will cool to about the same minimum tempera- 
ture each night. If the cable carried for an hour or 
two a peak load, that exceeds the critical current, the 
minimum temperature at the time of minimum load 
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will be a little higher than the minimum which occurs 
in the ordinary cycle. Suppose, now, that the peak 
load exceeded the critical current for a sufficient time 
so that the minimum temperature following was, say, 
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Fig. 12—Die.ectrric Loss Data ASSUMED FoR PURPOSES OF 
CALCULATIONS 


Based on a number of laboratory tests made for Commonwealth Edison 
Company. 

In referring to these curves later, the lines will for convenience be desig- 
nated by their loss at 85 deg. cent. 


15 deg. higher than normal. This would mean that 
the cable would start on its ordinary load cycle 15 
deg. warmer than usual, and its maximum temperature 
with its ordinary load cycle would probably exceed the 
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Fie. 13—Carryine Capacity or 250,000-Cir. Mit. THREE- | 
ConpucToR CABLES : 


With dielectric losses as shown in Fig. 12 calculated from the Clark and 
Shanklin line for average duct radiation. : 


critical temperature on the. following day. Under 
such cireumstances, the maximum temperature would 
increase somewhat day after day, with the ordinary 
load cycle, and in a few days the increase would be 
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sufficient so that the cable would not fall below the 
critical temperature even at the time of minimum load. 
Then a burn-out would follow in a comparatively few 
hours, as illustrated above on Line 3801. Many of 
the failures of cable due to dielectric losses have occur- 
red in this manner several days after the unusual load 
or other abnormal temperature conditions which were 
the primary cause of the failure. 

It is not necessary that the exact cycle above des- 
eribed be followed in order to produce a cable failure 
from dielectric loss, and a failure may result whenever 
the temperature of the cable is raised in any manner 
to a point above the critical temperature. The trouble 
may be due primarily not to the load on the cable which 
fails, but to heavy loads being carried on other cables. 
in the same conduit so as to raise the ambient tem- 
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Fig. 14—Curve SHowine THE Errect or DI®rLEcTRIC 
Loss ON THE CRITICAL CuRRENT oF 250,000-Crr. Mit. Turue- 
ConpuctTor CABLE 

Plotted from curves in Fig. 13. 


perature. External sources of heat will also produce 
the same result, such as steam being turned into a 
sewer which is adjacent to the conduit line. Most 
companies operating high-voltage transmission lines 
have had experience with cable failures due to such 
causes. One company reports that it had to move 
transmission lines out of conduits which were laid 
close to the curb wall because of a bake oven located 
under the sidewalk and next to the curb wall. Other 
companies have reported difficulties due to the radia- 
tion losses from underground steam mains 15 to 20 
feet distant. 


EXTENDING THIS METHOD TO COVER ALL GRADES OF 
CABLE 

By securing dielectric loss curves from cables cover- 

ing a wide range of losses per foot, we can make similar 

caleulations for a number of sizes and thus discover 
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the manner in which dielectric losses affect the carrying 
capacity. 

Figs. 5 and 6 give the dielectric loss results from a 
large number of cables, and with these and other similar 
data we can assume a number of dielectric loss curves 
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Fig. 15—Curves SHOWING FOR SEVERAL SIZES OF CaBLE, 
THE VARIATION OF CRITICAL CURRENT AND CRITICAL TEMPERA- 
TURE WITH DrELEcTRIC Loss 


over the entire commercial range of dielectric losses. 
It is not possible to make these assumptions with 
minute accuracy because the dielectric loss curves of 
cable furnished by different manufacturers are of 
different shape. After trying a number of ways of 
plotting the curves, it was found that. when they 
were plotted on semi-log paper, part of the curves 
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Fic. 16—Curves SHoWING VARIATION OF CRITICAL TEM- 
PERATURES WITH Dig.LectrRic Loss 


would be convex upward, part straight lines, and 
part convex downward. Accordingly the assumptions 


were made as shown in Fig. 12 and these assump- 


tions fairly represent the average of the dielectric loss 
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curves from cables over a wide range of quality as 
obtained from six different cable manufacturers. 

For each of these assumed dielectric loss lines, cal- 
culations for 250,000-cir. mil, three-conductor cable 
were made as shown in Fig. 18. It will be noted in 
this figure that each of the curves of cable having the 
higher dielectric losses has a maximum point, called 
the critical current, which occurs at the critical tem- 
perature. It is, therefore, possible to plot this critical 
current against the dielectric loss as shown in Fig. 14. 
By adding the isothermal lines and the curves corres- 
ponding to 80 per cent and 90 per cent of the critical 
current, the data plotted in this way become a very 
convenient form for studying the performance of any 
particular size of cable. 
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Fig. 17—CurrentT-Carryine Capacity or THREE-CONDUCTOR 
LEAD-COVERED CABLES 


With various dielectric losses and calculated from the Clark and Shank- 
lin line for average duct radiation and from the dielectric loss lines shown in 
Pig. 12. 


For a 250,000-cir. mil cable with four watts dielectric loss, the critical 
current is found to be 248 amperes. By following along the four-watt line 
to the 100 per cent scale, we find that the maximum copper temperature 
would be about 83 deg. cent. To find the temperature corresponding to 
90 per cent of the critical current, multiply 248 amperes by 0.90, equals 
223 amperes. Find this point on the 250,000-cir. mil line and then follow 
parallel to the diagonal lines to the 90 per cent temperature scale and get 
corresponding temperature of 62 deg. cent. 


Similar calculations for a number of sizes of cable 
have been made, and their critical currents plotted 
against dielectric loss are shown in Fig. 15. In plotting 
these curves, it was noted that all sizes of cables having 
the same dielectric loss in watts per foot reach their 
critical current at the same temperature. It is there- 
fore possible to add a temperature scale as shown in 
Fig. 15. From Fig. 18 and Fig. 15 it will be noted that 
a cable without dielectric loss has no critical current, 
and also that a cable with a low dielectric loss reaches 
its critical current at a temperature above the maxi- 
mum permissible temperature for impregnated paper 
insulation. _ * Apoidea Baal 
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In Fig. 16 is shown the curve of variation of the 
critical temperature with the dielectric loss. It would 
obviously be quite impossible to operate cables at their 
critical temperatures as determined by a dielectric 
loss test on a sample of cable, as such a test gives the 
average loss per foot for the entire sample and does not 
show the maximum dielectric loss at any point on the 
cable. Accordingly additional curves are included in 
Fig. 16 which show the temperatures that would be 
reached with several percentages of the critical current. 
From these curves it will be noted that-a material 
reduction in the maximum temperature of the insula- 
tion ean be made by a moderate reduction in the current 
below the critical current. 


If the curves shown in Fig. 15 are transferred to 
logarithmic coordinate paper as shown in Fig. 17, it 
is found that the curves become straight lines and 
this permits using the calculations for all sizes of cable. 


Fig. 17 shows the rating of all sizes of cables and in 
a full commercial range of dielectric losses as calculated 
by this method. By comparing this rating with the 
operating records of the system under discussion, and 


using as the ambient temperature the temperature . 


obtained by-a recording thermometer in an idle duct 
and about twenty feet from the manhole, we find that 
first, the transmission cables have in the past been 
frequently operated at or above their critical currents, 
and second, if the loads on the transmission cables 
are limited to about 90 per cent of the critical currents 
during the cooler months of the year and to about 80 per 
cent in the summertime, transmission line failures due 
to the dielectric losses will be practically eliminated. 


ANALYSIS OF THE CABLE FAILURE RECORDS 


Referring now to the cable failure records of the 9000- 
volt cables, as shown in Fig. 1, this curve shows occa- 
sional peaks, and although the dielectric losses at 
9000 volts are comparatively low, we know that some 
of these failures followed serious overloads. Some of 
these cases of trouble have occurred on one of three 
lines to a substation when one line was out of service 
on account of construction work in the substation, 
and some accident placed a second line out of service, 
thus putting the whole load on one line. In Fig. 3 
showing the cable failure records of the 20,000-volt 
cables, there are several very pronounced peaks. It 
is now quite thoroughly understood that these peaks 
were due to the overloading of the cables beyond their 
critical current. The very pronounced peak in 1918 
and 1914 followed the addition of a 24-hour load to the 
load previously carried on one group of lines which was 
reduced by the installation of an additional line in 


1915. The pronounced peak in 1919 was due largely - 


to the troubles on Line 3801 above mentioned. In 
1921 however, after the low-loss cable had been sub- 
stituted for the high-dielectric-loss cable in the hot 
conduit, and after a portion of the load on certain 
other lines had been transferred to the 12,000-volt, 
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60-cycle system, thus bringing the load on all 20,000- 
volt cables below their critical current, it is to be noted 
that the cable troubles dropped to about one per 
hundred miles per year or about the same as for 
the 9000-volt cables. This result indicates that prac- 
tically all of our previous cable troubles on the 20,000- 
volt lines were dielectric loss failures and that when 
the load on these cables are kept within the limits at 
which the dielectric loss failures occur, then the remain- 
ing failures, that is, the failures due to dielectric stresses 
are quite insignificant. 

The causes for the peaks in she 12,000-volt cable 
failures are more complicated. When the 12,000-volt 
system of tranmission to substations for alternating- 
current distribution was first installed to replace the 
motor-generators previously used for changing the 
frequency from 25 to 60 cycles, some of the old 9000- 
volt cables were transferred to 12,000-volt service. 
In addition, other cables were installed having the 
same insulation as the 9000-volt lines. Quite a few 
of these cable troubles were due to paper insulation 
being torn by sharp bends in manholes, and a larger 
number perhaps was due to the attempt to carry on 
these lines the same loads as had been previously carried 
on the 9000-volt lines, that is, due to the failure to make 
a proper allowance for the reduction in carrying ca- 
pacity caused by the increase in dielectric losses at 
the higher voltage. 

The two latter peaks were due in large part to the 
failures of cable forming tie line between large genera- 
ting stations. On account of the necessity of cleaning 
and overhauling the turbo-generators in these stations, 
it is necessary to shut each generator down for a period 
of several weeks during the light-load period, and as a 
result of the load on these tie-lines is frequently at a 


‘maximum during this generator cleaning period in 


the summer-time. A number of these 12,000-volt 
cable failures also occurred in a conduit near the 
Northwest Station, where for a distance of about one 
block, two heavily loaded conduits were only a few 
feet apart, thus affording insufficient opportunity for 
the radiation of the heat. This trouble was stopped 
temporarily by cooling the conduit line with a stream 
of water applied intermittently. Later the 12,000-volt 
rosin-oil-impregnated cables were replaced with other 
cables having low dielectric losses. 

Particular attention has to be paid to this question 
of conduit temperature, due to heavily loaded cables 
in the vicinity of stations and substations. Fig. 18 
shows the temperature profiles of two conduit lines 
between the Fisk Street Station and the Calumet Sta- 
tion, in which there are several pronounced peaks 
along the route in the vicinity of substations. There 
is also a pronounced peak near the Fisk Street Station 
due to temporary storage of coal on the ground above 
the conduit line. 

Another feature of interest in Fig... 2 is the record 
of cable failures due to external causes. These cables, 
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as above mentioned, have the same insulation thickness 
as the 9000-volt cables. On a large system it would, 
at first thought, be reasonable to suppose that the 
percentage of failures due to external causes would be 
the same for all voltages of cable. Quite a few ‘in- 
stances have occurred, however, where 9000-volt cables 
had their lead sheath damaged and no failure occurred, 
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Fig. 18—TemPreraturRE Prorites ALtone Two ConpvuitT 
Routes BETWEEN THE Fisk STREET STATION AND THE CALUMET 
STATION 


whereas under the same circumstances failures have 
occurred in the 12,000-volt cables. Several of these 
12,000-volt failures assigned to external damage have 
occurred in cables which, upon being withdrawn for 
repairs after failure occurred, showed marks on the 
lead sheaths, indicating damage at the time of instal- 
lation. A number of cases of damage to the lead 
sheath of 9000-volt cables have been found when the 
cables were being withdrawn for reinstallation at an- 
other location, and experience appears to indicate that 
had these cables been operated at 12,000 instead of 
9000 volts, cable failures would have resulted. In one 
ease, a 9000-volt cable, upon being withdrawn, was 
found to have the lead sheath burned off for a maximum 
length of two feet and a maximum width of about 
two inches, and the burn extended entirely through 
the outer belt insulation. This cable was installed 
in single-duct vitrified tile conduit and the damage 
had been caused by the failure of another cable in an 
adjacent duct about one year previously. The cable 
which was withdrawn had been in service throughout 
this period in the damaged condition and without 
developing any trouble at this location, although 
the cable was only six inches above the permanent 
ground water level. 


These several experiences appear to indicate that 
the 9000-volt cables have such an excess of insulation 
for the working voltage, that the increased dielectric 
stress due to these injuries to the lead sheath is not 
sufficient to cause a cable failure, although failures 
of 12,000-volt cable would generally occur under the 
same conditions. 


Another contributing cause for the increased number 
of external damage failures of the 12,000-volt cables 
is that these lines have been installed more recently 
than the 9000-volt lines, and are therefore installed 
in ducts above the 9000-volt cables. Damages due 
to digging in the street would, therefore, be more 
likely to affect the 12,000-volt cables. 
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RESULTS OF TESTS ON CABLES AT THE FACTORIES 


During the past three years the cables for addition to 
this transmission system have been purchased under 
specifications practically identical with those included 
in the report of the Underground Systems Committee 
of the N. E. L. A. for the year 1920, and the cables 
have been carefully tested at the factory in order to 
insure that they complied with the specifications in 
all respects. In addition, laboratory tests were made 
on impregnated paper from the cables to determine 
its quality. 

Fig. 19 shows the results of a series of such tests 
that is quite representative and typical. In the 
folding endurance test the number of double folds of 
different samples varied from 45 to 13,000, while the 
other tests showed a much smaller variation. 
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The two lines given for each series of tests Socndaeet the average and 
minimum values of results of tests on several samples of paper from each 
piece of cable. A denotes no tearing of paper in bending test in accord- 
ance with N. E. L. A. cable specifications; 5 denotes slight tearing, and 
C very bad tearing. - 


The tests made on these cables at the factory also 
showed a very large variation in the dielectric strength 
of the samples. In general, however, the cables passed 
the tests required by the Standards of the A. I. E. E. 
with a rather wide margin. As a result, the thickness 
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of insulation during this period has been gradually 
reduced. For low-voltage cables the reduction in 
thickness of insulation has been about 50 per cent 
and for the high-voltage cables about 25 per cent to 
35 per cent. Before making the last reduction, sample 
reels of cables with thin insulation were secured from 
several manufacturers and submitted to all the regular 
and special tests called for by the Standards of the 
A. I. E. E. and the N. E. L. A. eable specifications. 
The thicknesses as finally adopted are practically 
the same as the recommendations by the British Engi- 
neering Standards Association for voltages below 6000 
and above this are practically the same as the thick- 
nesses being used by some of the larger English com- 
panies. However, one of the latter companies has 
recently, on the basis of its own experience and on the 
advice of its consulting engineers, made a further 
reduction of 25 per cent in the thickness of insulation 
of cable for 20,000 volts normal operating pressure, the 
insulation being 300 mils between conductors and 210 
mils to ground. The usual British practise calls for a 
maximum copper temperature of about 50 deg. cent. 
for transmission cables. Correspondence with English 
consulting engineers and cable manufacturers shows 
that their high-voltage cables have about the same 
dielectric losses as those furnished by the leading 
manufacturers in this country, that is, if measured at 
85 deg. cent. the dielectric losses on their 20-kv. cables 
would be of the order of one watt per foot. By referring 
to Fig. 14, it wili be noted that for a dielectric loss of 
one watt per foot and a copper temperature of 50 deg. 
there is a rather wide margin between the operating 
current and the critical current which might result 
in cable failures due to dielectric losses. Apparently 
therefore our British friends are of the opinion that as 
long as they continue to operate their cables under 
conditions which eliminate burn-outs caused by di- 
electric loss heating, then they can secure satisfactory 
operation with an insulation thickness less than two- 
thirds of what is considered necessary in this country. 


RELATION BETWEEN INSULATION THICKNESS AND 


DIELECTRIC STRESSES 


As a result of a thorough and persistent search, the 
author has reached the conclusion that there is in use 
in this country no scientific basis for determining the 
thickness of impregnated paper insulation on high- 
voltage cables. In the earlier days, when impregnated 
paper cables were first made, the manufacturers appear 
to have adopted the thicknesses of insulation previously 
used on cables with rubber insulation. No bending 
tests were made on these earlier cables, and the cables 
were installed with the same sharp bends that had 
previously been found permissible with rubber-insulated 
lead-covered cables. Our later knowledge indicates 
that many of these early failures must have been due 
to the tearing of the paper insulation caused by the 
bending during installation. Many of the older fore- 
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men and splicers who were raised on rubber insulated 
cables were quite firmly of the idea that it did not 
matter how sharp a bend or kink was made in the 
cable during its installation so long as these sharp bends 
and kinks were removed before leaving the cable in its 
final position. 

As troubles from these earlier paper insulated cables 
occurred, the manufacturers and users, instead of 
making a determined effort to locate and remove the 
cause of trouble, adopted the simpler course of increas- 
ing the thickness of insulation, and until the last few 
years it does not seem to have occurred to anyone 
that they might have more insulation on their cables 
than necessary. 

Several manufacturers in this country are making 
impregnated paper tubing consisting of paper impreg- 
nated with some insulating compound and then heat- 
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treated so that the resulting material is very similar 
in its make-up to impregnated paper insulation used 
in lead-covered cables. One of these manufacturers 
in its circulars states that a quarter inch thickness of 
this material will stand a 100-kv. dielectric strength 
test, and further, that the dielectric strength varies 
with the square root of thethickness. From these data, 
curve A in Fig. 20 has been drawn. 

The author in criticising the manufacturer of some 
cable with 600 mils insulation between conductors 
because the manufacturer had been satisfied with a 
dielectric strength test that was limited by cable bell 
trouble, attempted to make a dielectric strength test 
on a 15-foot sample, carrying the pressure to 212 kv. 


between conductors. In this case also the pressure 
- was limited by cable bell trouble and there was no 
failure of the cable within the lead sheath. Assuming 
that the dielectric strength of impregnated paper 
insulation also varies with the square root of the thick- 
ness, and using this particular point as our starting 
point, then we get the curve shown by B in Fig. 20. 
On the same sheet are also shown two points given by 
Weiset in the #. T. Z. for January 15, 1920, also six 
points given by Fernie in Beama for September, 1921, 
and also one figure giving results from an Italian cable, 
the latter data being obtained from private sources. 
On the same sheet are also shown the results of a 
large number of dielectric strength tests on various 
thicknesses of insulation made for the author on cables 
purchased in the last three years. For those thick- 
nesses of insulation where a large number of tests are 
available, these results show a ratio of maximum to 
minimum greater than 2 to 1. 

In testing the cables purchased under specifications, 
it was noted that at first the paper was not applied 
smoothly, that is, without wrinkles, and that difficulty 
was encountered by some manufacturers in applying 
the insulation so that it would pass the bending test. 
As these difficulties were brought to the attention of 
the manufacturers, it was found that it was not a 
serious matter to eliminate the difficulties by having 
the paper tape of the proper thickness and width and 
applied with a suitable tension and the right amount 
of lap. As these difficulties were eliminated, the 
dielectric strength test of the cables increased, so that 
finally for such thicknesses of insulation as are common 
in this country for 25 kv. it was found that the voltage 
required to cause failure of the cable under the dielectric 
strength test was quite beyond the testing facilities 
available in practically all of the cable factories. It 
would thus appear that by suitable care and perhaps 
some additional inspection in the factories, the Ameri- 
can cable manufacturers should be able to make their 
cable of more uniform quality so that it would give 
results more nearly corresponding to the available 
data on foreign cables. 

The American Engineering Standards Committee in 
gathering foreign specifications and standards for the 
use of its recently appointed Sectional Committee on 
Insulated Wires and Cables received an interesting 
communication from a Dutch Standards Committee 
which includes the following statement: 

The Association of Managers of Electric Central Stations have 
made an extensive study on high-tension cables, the results 
of which have been published. * * * * The most interesting 
result disclosed by this study is that, contrary to most opinions 
of today, it is not the thickness of insulation which gives the 
best guarantee for the reliability of the cable, but that the in- 
fluence of the quality of the insulation material is very much 
greater. 

How long will it. be before American manufacturers 
will adopt the Dutch plan of increasing the reliability 
of their cables, not by increasing the thickness of in- 
sulation but by improving the quality? 
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The author recently had an interesting discussion 
with one of the technical executives of one of the larger 
manufacturing companies. This engineer had made 
some suggestions that certain changes should be made 
in the details of the manufacture of a certain line of 
electrical apparatus so as to improve the quality of the 
product. These changes were at first violently opposed 
by the superintendent of this factory, but after a 
thorough investigation the changes were put into 
effect. Then it was discovered that, in spite of the 
increased inspection and greater care in manufacture 
which resulted in a marked improvement in the quality, 
the improved. manufacturing methods had brought 
about a reduction of about 5 per cent in the cost of 
the finished product. Is it not possible that a similar 
result might be secured in’ the manufacture of im- 
pregnated paper-insulated lead-covered cables? 


CONCLUSIONS 


1. After excluding the cable failures caused by light- 
ning, external damage to the lead sheath and joint 
troubles, the remaining transmission cable failures on 
the system have been largely dielectric loss failures; 
that is, the cables have been loaded beyond their 
critical current as determined by their dielectric losses 
and cumulative heating, which followed, caused the 
cable failures. 

2. The only cable failures that can be definitely 
ascribed to the dielectric stresses are a few that have 
been caused primarily by the tearing of the insulation 
due to sharp bends during installation. 

3. Temperature readings in conduits are just as 
important as ammeter readings in the stations in 
determining the safe loads for transmission lines. 


4. Some scheme of testing should be devised so that 
by means of some simple measurements it may be 
possible to determine the radiation constants of dif- 
ferent portions of conduit Ines in service and establish 
current ratings of transmission cables so as to eliminate 
the burn-outs due to overloads. 


5. The thicknesses of insulation considered nec- 

essary in this country for transmission cables have been 
determined largely by experience with the cables in 
which the insulation was impregnated with a rosin 
oil compound and had high dielectric loss. If the 
Rules.in the Standards of the A. I. E. E. are a sufficient 
criterion of the quality of the cable, then the thicknesses 
of insulation ordinarily used for transmission cables 
in this country can be very materially reduced, as 
cables with the present thicknesses of insulation with 
material and workmanship of the first quality, will 
pass the tests prescribed by the Standards of the A. I. 
E. E. with a wide margin frequently exceeding 100 per 
cent. 3! . ; 
6. High-voltage cables having a low dielectric loss 
can be safely operated at temperatures materially 
higher than are possible with high-loss cables, due to 
the increase of the critical temperature with the reduc- 
tion in dielectric losses, 
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7. The permissible operating temperature of high- 
dielectric-loss cables is limited by the critical tempera- 
ture above which cumulative heating occurs. In low- 
loss cables the temperature is limited, as in low-voltage 
cables, by the temperature which the paper insulation 
will withstand without deterioration. 


8. Until the proper method of calculating the limit- 
ing stresses of high-voltage cables and the limiting 
values. for these stresses is determined, it will not be 
possible to design cables with the thickness of insulation 
properly proportioned to the working voltage. 


9. If the dielectric losses of transmission cables are 
properly taken into consideration in fixing their carry- 
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ing capacity, then for the thicknesses of insulation 
that are commonly used in this country, the percentage 
of burn-outs of the high-voltage cables should be no 
larger than for the lower transmission voltages and 
should not exceed one or two per hundred miles per year. 

10. When the carrying capacity of a transmission 
cable with high dielectric loss is limited by the tem- 
perature of a short portion of the conduit in which it 
is installed, it may be found profitable to replace this 
portion of the cable with low-loss cable, and thus secure 
an increased carrying capacity for the entire line. 


Discussion 
For discussion on this paper see page 611. 


On the Minimum Stress Theory of Cable Breakdowns 


BY DONALD M. SIMONS 
Associate A. I. E. E. 
Standard Underground Cable Company, Pittsburgh, Pa. 


Review of the Subject.—For the rational and economical 
design of electric cables, it is important to know the relation be- 
between the dimensions of the cable and its breakdown strength. 
Many different theories have been proposed in the past, such as 
the maximum stress theory, the average stress theory, Russell’s 
theory, and Osborne’s theory, all of them conflicting. Recently a 
new theory has been proposed by Fernie that the minimum stress, 
namely that at the sheath of a cable is the limit. It is the purpose 
of this paper to discuss Fernie’s theory and data, inasmuch as it 
is so diametrically opposed to some of the earlier theories. It 
seems quite plausible that insulating materials have a specific 
breakdown stress. Fernie having discovered, as he states, that the 
minimum stresses were constant in his tests, feels forced to abandon 
this idea and attempts to explain his results in terms of a limiting 
value of stress at the sheath, namely the minimum value. An 
analysis of his test results, however, does not seem to justify him 
inasmuch as, although his minimum stresses were much more 
constant than the maximum stresses, they were by no means constant, 
and in fact, it could be claimed with almost equal justice that his 
test results vindicated the average stress theory. 

Since, however, Fernie’s experimental minimum stresses pre- 


sent a certain degree of constancy, this phenomenon (which remains 
to be proved) is investigated further. It is shown that if it be 
assumed (1) that the inner layers of insulation may be overstressed 
without complete rupture of the cable due to the stable equilibrium of 
the remainder of the insulation, and (2) thatinsulating materials have 
a critical breakdown gradient, a direct result of these two hypotheses 
is that the minimum stress at breakdown is a constant, though it is 
not in itself the criterion. 

It may be concluded therefore, that Fernie’s experimental data 
are not sufficient to justify his claim that the minimum stress is a 
constant, and that if later tests should prove the constancy of mini- 
mum stress, this phenomenon could be explained otherwise than by 
assuming that the minimum stress itself is the limit. 
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KNOWLEDGE of the relation between the 
breakdown strength of cables and the size of 
conductor and insulation thickness is very import- 

ant, if cables are to be rationally and economically 
designed. For instance, in a series of single-conductor 
cables all of the same insulation thickness, varying 
from small conductors to large conductors, will all 
these cables break down at the same voltage, or will 
those with small conductors break down at the highest 
voltage, or the lowest voltage? This fundamental 
question has not been adequately and convincingly 
answered even for the simplest case of all, the case of 
single-conductor cables. It is probable that it will 
never be possible to determine exactly the breakdown 
strength of a particular cable, due to the inherent lack 
of uniformity of insulating materials, but if a general 
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law could be discovered, obtained by averaging the 
results of a great many samples, it would at least be 
possible to design cables with the same factor of safety. 
Any such law would also of course have to take into 
consideration the effect of time. A great many theories 
have been proposed, some of them quite conflicting, 
but there is a surprising lack of published experimental 
data on the subject. It has been claimed that the 
maximum stress in the insulation is the limit, that the 
average stress is the limit, as well as other intermediate 
theories. There has recently been proposed a radically 
different explanation. This theory is one offered by 
Fernie, who claims that the minimum stress or the 
stress at the sheath is the limit in the breakdown 
strength of single conductor cables'. Inasmuch as 
his theory is based on a greater amount of data than 
hitherto published and in view of the considerable 
1. Fernie, ‘‘Insulating Materials,” Beama, page 244, 1920. 
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interest evinced in this country in his conclusion, a 
discussion of his data and theory finds a proper place 
in this symposium. It is the purpose of the present 
article to discuss Fernie’s data and to suggest a different 
explanation of his experimental results, and show that 
it is quite possible that the minimum stress may be 
constant and yet not in itself be the limit in the break- 
down strength of cables. 

For our purpose it will be assumed that insulating 
materials have a specific breakdown strength, which 
could be determined by puncture tests between parallel 
plate electrodes, inasmuch as in this case the stresses 
would be uniform throughout the insulation. Due to 
limits of space, no further discussion will be made of 
the many qualifications which should be made of this 
statement. 

If an insulating material is contained between con- 
centric cylindrical electrodes, such as the case of single- 
conductor cables, the stress, or gradient (or voltage 
per unit thickness) is by no means constant, but is a 
maximum at the conductor surface and a minimum at 
the sheath, and these two may be calculated by the 
following formulas: 


Ginaz = oe (1) 
r log. R/r 

Grate = tied (2) 
R log. R/r 


where F# is the voltage between the conductor and the 
sheath, R is the radius over the insulation, and r is the 
radius of the conductor. 

One of the first theories of the breakdown strength 
of cables was that since every insulating material has 
a critical breakdown strength, which we may call 
Go, as determined by the breakdown of layers of insula- 
tion between parallel plate electrodes, a_ single-con- 
ductor cable will break down as soon as this critical 
stress is exceeded in the insulation, which means that 
breakdown should occur when the maximum stress at 
the surface of the conductor is equal to the critical 
stress G,. According to this maximum stress theory, 
if a series of cables of different dimensions and the 
same insulating material should be broken down, the 
calculated maximum stresses of all the cables at the 
breakdown voltage should be a constant and equal 
to the critical stress G). This would mean that for 
cables of a given insulation thickness, the larger the 
conductor, the higher would be the breakdown voltage. 

The maximum stress theory of the breakdown 
strength of cable ignores one fundamental and well- 
known characteristic of the stresses in single-conductor 
cables, which may be briefly stated as follows. For 
cables of a given outside diameter and given impressed 
voltage, the minimum value of the maximum stress at the 
surface of the conductor will exist when R/r equals e, 
the base of the natural system of logarithms, or 2.72. 
This characteristic may have an important bearing on 
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the theory of the breakdown strength of cables. If a 
cable is of such proportions that R/r is greater than 2.72 
and a high voltage is applied such that the inner layers 
of insulation tend to break down, this would result in 
virtually increasing the size of conductor, which would 
dimimsh the maximum stress in the insulation. The 
stresses in the remainder of the insulation would all 
be increased, but the maximum stress would be less 
than the maximum existing before the imner layers 
punctured, ane would therefore be less than the critical 
value. On the other hand, if R/r is equal to or less than 
2.72, any puncturing of the inner layers of insulation will 
tend tozncreasethemaximum stress. Cables may there- 
fore be divided into two classes, which weshall call Class 1 
in which R/r is greater than 2.72, and Class 2 in which 
R/r is equal to or less than 2.72. Russell? and Osborne?’ 
have developed different theories on the breakdown 
strength of cables, which take this feature into con- 
sideration, and which are well worth further study. 
Osborne takes issue with Russell’s theory, but neither 
one publishes very much experimental data to prove 
his point. According to neither of these theories would 
the maximum stress or the minimum stress be constant 
at breakdown as calculated from the cable dimensions 
and the breakdown voltage. 


_ FERNIE’S THEORY 


Fernie, as stated before, has advanced a new 
theory. He performed a series of breakdown tests on 
cables of different sizes of conductor and insulation 
thicknesses, and has published his results, these results 
being probably the most complete experimental data on 
this subject on record. He states that it seems a very 
plausible theory that an insulating material should have 
a critical breakdown strength, and that therefore the 
cable should break down as soon as this valueis exceeded 
in the cable insulation. If the maximum stress theory 
is true, the calulated maximum stresses at breakdown 
for the cables of a given insulating material should be 
constant. His results show that the maximum stresses 
are far from constant, varying in fact by over 200 per 
cent in one series, but he makes the remarkable state- 
ment that his minimum stresses were very closely 
constant. Based on his experimental data, he pro- 
poses that the minimum stress is itself the limit, and 
advances an interesting explanation of why this should 
be so, which explanation does not take the specific 
breakdown gradient into consideration. 


FERNIE’S DATA 
The comment has been made that Fernie’s data are 
quite extensive, and it may be added that they are 
considerably more consistent than most of the data 
which have been published on this: subject. It is 
by no means, however, intended to imply that they are 


2. ‘Dielectric Strength of Insulating Materials and the Grad- 
ing of Cables,’’ A. Russell, Journal I. E. E., Vol. 40, page 6, 1907. 

3. ‘Potential Stresses in Dielectries,’’ H. S. Osborne, TRANs- 
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sufficiently consistent to form in itself the basis of anew 
theory or to disprove some of the older theories. It 
is desired to discuss this phase of the matter briefly, 
and Fernie’s experimental data are therefore shown in 
the following two tables. Table I refers to the data of 
his Table II, and Table II corresponds to the data of 
his Table III. FR is the radius of the insulation, r is 
the conductor radius, and ¢ is the insulation thickness. 


TABLE I. 
Fernie’s 
Break- | Maxi- | Mini- | Aver- 
down mum mum age 
logio |Voltage} Stress | Stress | Stress 
R r t R/r R/r | inkv-| Gmax | Gmin | Gao 
mm. | mm. | mm xv/em. |kv/em. \kv/cm 
11.32 | 2.43 '| 8.89 | 4.65 .6672 | 160.0 428 92.0 180 
17.97 | 5.27 112.70.) 3.41 15327. | 217.0 335 98.3 iv 
12.59 | 3.69 | 8.89 | 3.40 .5318 | 130.0 288 84.3 146 
14.16 |°5.27 | 8.89 | 2:69 .4292 | 134.0 257 95.6 151 
16-26 | ‘2.37, ).8.89, | 2.21 .3437 | 140.0 240 108.7 158 
Fl .o2-) 8.24 | O.ao | 2. ak 3434 91.5 219 99.5 144 
17.06 | 8.17 | 8.89 |} 2.09 .8198 | 114.0 189 90.6 128 
Averages 280 95.6 154 
Deviations +53% +13.7 +17 
—32% —11 7... = 17 
Average Deviation 22.01 5.9 8.7 
TABLE It. 
z 2 5 3.50 5441 | 54.25 216 61.8 109 
9 3 6 3.00 .4771 | 69.0 209 69.7 115 
1l 4 7 2.8 .43893 | 65.3 161 58.6 93 
13 5 8 2.60 -4150 | 83.9 175 67.5 105 
16 6 10 2.67 -4257 | 94.2 160 60.1 94 
Averages 184 63.5 103 
Deviations +17 +9.8 +11.6 
—13 —7.7 —9.7 
Average Deviation 12.3 6.4 7.6 


Certain types of experiment lead to quite definite 
results which can be repeated at will.. Tests on the 
breakdown strength of insulating materials are of a 
very different kind, and very great discrepancies usually 
occur between tests on supposedly similar samples, 
or even on different samples of the same piece of insu- 
lation. It is therefore necessary in breakdown tests 
to perform an enormous number of tests in order to 
average out the irregularities. Fernie’s experimental 
data are based on the average of a great many tests, 
but even this does not mean that the number was suffi- 
cient to establish a law. Probably the main cause of 
the difficulty in breakdown tests is the inherent lack 
of uniformity of insulating materials. Due to the 
essential difficulty of the problem, any set of experi- 
mental data must be examined very critically and 
consideration must be given not only to whether 
or not the data would tend to disprove one theory and 
prove another, but also to see if there are not other 
theories which might also apply with about the same 
amount of deviation from the observed results. It willbe 
seen in Tables I and II that though Fernie’s calculated 
minimum stresses present a. certain constancy, they are 
by no means rigidly constant. Fernie makes no men- 
tion of either Russell’s or Osborne’s theories, nor of 
the average stress theory, and apparently had in mind 
only the maximum stress theory.. The departures 
from constancy of his calculated maximum stresses 
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are so much greater than those of his minimum stresses 
that he apparently felt justified in calling the latter 
constant. If those were the only alternatives, his 
results would probably be sufficient to establish his 
claim. In fact, it may be stated that his results give 
fairly strong evidence to disprove the maximum stress 
theory. ‘The question, however, still remains as to 
whether or not his results are definite enough to es- 
tablish a constant minimum stress theory as opposed 
to some of the other theories. In Tables I and II, 
are shown the calculated maximum, minimum (with 
some minor errors in his calculations corrected), and 
average stresses at the moment of breakdown, and also 
the maximum plus and minus, and average deviations 
from the average. It can be seen immediately that the 
deviations from constancy of his minimum stresses are 
only slightly less than those of the average stresses, and 
that in Table II, even the maximum stresses are not much 
less constant than the minimum stresses. It is believed 
therefore that Fernie’s claim for constancy of mini- 
mum stress at breakdown is not justified by his own 
data, and, to epitomize, it could be claimed with almost 
equal justice that Fernie’s data prove the constant 
average stress theory and also Osborne’s theory. If 
considerable emphasis is placed upon the points ob- 
tained from the cables with small sizes of conductor 
given in Table I, Fernie’s data give fairly strong evi- 
dence against the maximum stress theory, and would 
indicate that Russell’s theory is not adequate, though 
the evidence is less pronounced in the latter case. 


Even though Fernie’s test results do not seem to be 
consistent enough to definitely claim that the mini- 
mum stress is constant and that the other theories 
are wrong, still it must be admitted that the deviations 
of minimum stress are somewhat smaller than the other 
deviations, and it is therefore worth while to consider 
his results further and see what conclusions could be 
drawn if a series of tests should definitely prove the 
minimum stress to be constant. The cables which 
would show the greatest difference in breakdown 
strength according to the different theories are those for 
the larger and smaller values of theratio R/r, Fernie’s 
entire range for this ratio is only from about 2.1 to 4.7. 
It seems unfortunate, therefore, that he did not use 
greater extremes in the dimensions of his cables in 
his tests, in spite of certain difficulties, since cables 
with large values of the ratio would so clearly differen- 
tiate between certain of the theories, and cables with 
small values of the ratio are more in accord with every- 
day practise. 


OVERSTRESSED INSULATION 


The maximum stress theory assumes that the cable 
will puncture as. soon as. the critical stress is exceeded 
in any part of the insulation. Russell’s theory assumes 
that no part of the insulation can sustain more than 


the critical stress, and that as soon as this value is 


exceeded, the insulation will break down and become 
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equivalent to a conductor; whether or not the entire 
cable will breakdown depends on the dimensions of 
the cable. The other theories of the breakdown 
strength of cables assume the possibility in some form 
or other of overstressed insulation. The constant 
average stress theory does so implicitly. Osborne’s 
theory is based upon the conception that the critical 
stress may be surpassed in the insulation, but that this 
will lead to breakdown in certain weak points resulting 
in minute needle-like punctures extending outward 
from the conductor, which thereby relieves the stress 
in the remainder of this region of the insulation 
throughout which the stress will be constant and equal 
to the critical value. 

The possibility of the existence of overstressed insu- 
lation is not a new thought. For instance we might 
quote Whitehead‘ as follows: 

There is no difficulty in the idea of a strain of dielectric mate- 
rial beyond the electrical elastic limit with no resulting structural 
breakdown and resulting conductivity. In a single-conductor 
cable, we may think of a string of molecules stretched radially 
along a line of electric foree. When the interior portion of the 
insulation is overstressed, but the insulation as a whole unbroken, 
we may think of the component charges of a molecule in the 
stressed region as drawn apart, and a tendency on the part of 
opposite charges of two adjacent molecules to combine. If 
this tendeney could take place along the whole line of force 
there would be combination throughout and resulting discharge. 
The phenomenon would:then be similar to conduction in a metal. 
In the case as supposed, however, the outer portions of the insu- 
lation are not overstressed, consequently proceeding outward 
from thé conductor along the line of force there comes a region 
where there is a molecule which is not overstressed, which 
therefore successfully resists the tendency of one of its charges 
to pass to the adjacent overstressed molecule. This restraining 
influence is therefore propagated backward toward the center 
and serves to keep the overstressed portion from breaking 
down entirely. In this way the region of safe stress may be 
said to;aid that in which this stress-is exceeded. 


According to Whitehead’s conception a certain 
critical value of stress is required to draw apart the 
component charges of a molcule. It seems reasonable 
to assume therefore, that this critical value of stress 
will be all that would be required in the inner layers 
in order to hold the charges in this physical condition. 
This would mean that the stress in the overstressed 
region of the insulation would be a constant and equal 
to the critical stress, and that the overstressed region 
of insulation would not maintain its proportional 
share of the voltage, but would consume only a sufficient 
amount of the total voltage to hold the entire over- 
stressed region at the critical value of stress. This 
would lead to a theory of the breakdown strength of 
cables mathematically equivalent to Osborne’s theory 
though physically different. It is interesting to note 
that there is no critical point, or critical radius such as 
occurs in Russell’s theory. That is, if a certain amount 
of the inner layers of insulation which would tend 
to be overstressed are held at constant value of stress 


4. Whitehead, J. B., Discussion, Transactions A. I. E. E., 
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equal to the critical value, any tendency to puncture 
the layer of insulation immediately adjacent to the outer 
layer of overstressed insulation would result in diminish- 
ing the stress in the succeeding layers to a value below 
the critical value. In other words, the equilibrium is 
stable, and there is no tendency for complete breakdown 
of the cable according to this theory until the voltage 
is raised to such a point that ali the insulation is sub- 
jected to the constant stress equal to the critical value. 
According to this theory, then, if a series of cables is 
broken down, the average stress in the insulation as 
calculated from the cable dimensions would be a con- 
stant equal to the critical breakdown strength of the 
insulation. This discussion, therefore, is merely an 
interpretation of the average stress theory, and it 
might be repeated that Fernie’s data could with almost 
equal justice be claimed to prove either the constant 
minimum stress theory or the constant average stress 
theory. This conception of the conditions in the insu- 


‘lation does not however lead to a constant minimum 


stress at breakdown, which must therefore be sought 
on other hypotheses. 


PROPOSED EXPLANATION OF THE MINIMUM STRESS 
THEORY 


A given set of experimental data may often be ex- 
plained by entirely different physical theories. It is 
hard to believe that the critical breakdown strength 
of a cable as determined by parallel plates is not in 
some way the limiting feature, and Fernie’s explanation 
does not seem to be very convincing. It is desired to 
show here, that, if it is a fact that the minimum stress 
at breakdown is a constant, this may be explained 
rationally in terms of the critical breakdown strength 
of the insulation combined with the conception of 
overstressed insulation, as well as by Fernie’s theory, 
based on the “‘skin resistance’’ hypothesis, though the 
latter may of course have to be considered also. 


To do this, it it will be assumed first that overstressed 
insulation may exist if the remainder of the insulation 
is in stable equilibrium, and secondly, that the over- 
stressed insulation can support its proportional share 
of the voltage; in other words, that the distribution of 
potential throughout the cable will not be affected by 
the fact that certain inner layers are stressed above 
the critical value. The case of a cable of Class 1 
(R/r greater than 2.72) will be considered. Let us 
imagine that the voltage on the cable is raised until 
the critical gradient is reached across the layer of 


insulation next to the conductor surface. If this layer | 


should break down, the result would be a virtual in- 
crease in the size of conductor diameter, which would 
mean that the stress on the next layer of insulation, 
though increased above its previous value, would still 
be less than the critical value. The equilibrium of the 
cable as a whole may therefore be considered stable, 


and according to this theory, it is assumed that the 


breakdown does not take place in the inner layer due 


) 
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to the stable equilibrium of the whole cable. This is 
the distinction between this theory and Russell’s 
theory. Russell assumes that actual breakdown and 
carbonization of overstressed layers take place... Here 
it is assumed that no action takes place but that the 
layers are overstressed due to the equilibrium of the 
whole system. Let us assume that the voltage is 
raised still higher. The inner layers of insulation will 
be stressed above the critical value, the maximum of 
course being at the conductor surface, and the critical 
stress will exist at a certain distance, x, from the center 
of the conductor. Having assumed the possibility of 
overstressed insulation, our attention must be directed 
upon the equilibrium of the remainder of the insulation, 
in other words between the region of radius x, where the 
critical stress Go exists, and the lead sheath. If R/x 
is greater than 2.72, any tendency for the critical gra- 
dient to puncture the layer at x would result in a stress 
upon the next layer which would be less than the crit- 
ical gradient, and, as before, the equilibrium will be 
stable. On the other hand, if R/x is equal to or greater 
than 2.72, puncturing of the layer at which the critical 
gradient G, exists, would result in a stress upon the 
next layer higher than the critical value and we may 
consider the equilibrium as unstable. There is there- 
fore apparently a critical point in the insulation, whose 
radius we shall call r’ such that r’is equal to R/2.72. 
According to this theory, therefore, for cables of Class 1, 
as the voltage is raised continuously, the critical stress 
will first appear at the conductor surface and will 
then travel outward toward the sheath, all layers within 
this region being overstressed, the equilibrium of the 
cable as a whole being stable until the critical gradient 
reaches the raduis r’, at which point it is assumed that 
breakdown will take place. 

For cables of Class 2, in which R/r is equal to or less 
than 2.72, r’ has no significance, and the cable would 
be in unstable equilibrium as soon as the critical 
gradient reaches the conductor surface. It would be 
expected, therefore, that breakdown would take place 
as soon as the critical gradient reaches the conductor 
surface, or in other words, the maximum stress theory 
would be applied to cables of Class 2, exactly as Rus- 
sell did for cables of this class. 

The results of this theory may now be examined 
mathematically. Let EH’ be the voltage between 7’ 
and R at the moment of breakdown. By formula 
(1) we may immediately express EH’ as follows: 

B= Gost MOS ats t. (3) 
and remembering that the natural logarithm of 2.72 
is equal to unity and that r’ equals R/2.72, we may 
state 

E’ = 0.368G,R (4) 
We may now solve for E, namely the actual breakdown 
voltage of the cable, inasmuch as the ratio of E to 
E’ will be in inverse proportion to the relative capacities 
of the two sections. Therefore 
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log R/r 


tient Se ar hes 
log R/r’ 


x E’ = 0.368 Gy R log R/r (5) 
The above equation gives the expression for the break- 
down voltage of a cable in terms of critical stress and 
the dimensions of the cable according to the present 
suggested explanation. 

The maximum stress at the moment of breakdown 
may now be obtained by substituting this value of EH 
in equation (1) and we find that at the moment of break- 
down 

Gmae = 0.3868 Gy X R/r (6) 
The minimum stress at the moment of breakdown 
may also be obtained by substituting the value of H 
in equation (2) and we find that 

Gmnin = 0.3868 Go, a constant (7) 
It will therefore be seen that a direct result of this 
theory is that for cables in which R/r is greater than 
2.72, the minimum stress at breakdown will be a 
constant, as calculated from the actual cable dimensions 
and the breakdown voltage, and that this theory, based 
on the rational conception of a critical stress, will 
adequately explain Fernie’s claim that the minimum 
stress is constant at breakdown. 

It is desired to point out that for the case of cables 
of Class 1 there is a distinct difference between this 
suggested theory and Fernie’s theory, in spite of the 
fact that according to both, the minimum stress will 
be constant. According to this theory, the cable 
punctures when the critical stress reaches the region 
whose radius is r’, and a direct incidental result of this 
is that the minimum stress is constant. The critical 
stress Go at 7’ is in itself the limit, and not the mini- 
mum stress at the sheath. While these two theories 
are the same for cables of uniform dielectrics, they 
would lead to’entirely different results in cables where 
different layers of insulation have different permit- 
tivities, such as in the case of graded cables. Only 
experimentation can determine which of these theories, 
if either, is correct. One test performed by Fernie 
throws some light on this point, inasmuch as he broke 
down two samples of cable, one uniform and one 
graded, and the results would tend to confirm his 
theory rather than the present one, and this test must 
therefore be taken into consideration. On the other 
hand, there is no indication that he broke down more 
than.one sample of each type, which in itself would 
greatly discount the results of this one test. 

While the theory outlined above explains the con- 
stancy of minimum stress for cables of Class 1 in terms 
of the critical gradient, it appears to be a rather dif- 
ficult conception in one point at least, namely in the 
stability of the equilibrium of cables of Class 1for values 
of the voltage intermediate between that given by. 
equation (5) and the breakdown voltage according to 
Russell’s theory. The present conception assumes the 
possibility of overstressed insulation and in determining 
the stability of the system places attention upon the 
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understressed outer portions of the insulation, ignoring 
the inner, overstressed section. If investigation should 
be made as to what would happen to the cable as a 
whole, if the overstressed layers should give way, which 
seems a perfectly reasonable method of approach, it 
will be found that if the impressed voltage is higher 
than the breakdown voltage according to Russell’s 
theory, and the overstressed layers should puncture, 
the stress at r’ will be greater than the critical value, 
and the whole system would be in unstable equilibrium. 
If the applied voltage is less than Russell’s breakdown 
voltage, the equilibrium will still be stable, and in 
fact, this method of approach would lead directly to 
Russell’s theory, and would not lead to a constant 
minimum stress at breakdown as calculated from the 
cable dimensions. This would mean that there would 
be no distinction between Class 1 and Class 2 cables 
for a voltage higher than Russell’s breakdown voltage, 
which leads to a difficulty, inasmuch as Fernie’s data 
for the small sizes of conductor as shown in Table I 
give fairly strong evidence that the breakdown of these 
cables is higher than would be obtained according to 
Russell’s theory. To explain this, it might be assumed 
that overstressed insulation (bearing its full share of 
the voltage) is possible and that breakdown will not 
take place until the critical stress reaches the sheath. 
This conception would lead to a constant minimum 
stress at breakdown for all classes of cable, the minimum 
stress being equal to the critical value. The difficulty 
is that conditions in Class 2 cables seem so essentially 
unstable as soon as the critical stress exists in the 
insulation that it is a little difficult to conceive of 
breakdown not taking place until the critical stress 
reaches the sheath. Also, this theory, as stated above, 
would mean that the minimum stress is equal to the 
critical stress, and Fernie’s values of minimum stress 
seem too low for the critical stress of impregnated 
paper insulation. It does not seem necessary to adopt 
either of these theories, Fernie’s theory, or possibly 
. an entirely different theory, until definite experimental 
proof is obtained that the minimum stress at break- 
down is constant. 
EFFECT OF TIME 


Up to the present, no mention has been made of the 
effect of time on breakdown voltage. This is a matter 
of the greatest importance, and it is believed that what- 
ever law may be determined for the instantaneous 
breakdown strength of cables, the law would be quite 
different for cables in which the voltage is raised very 
slowly, for cables under long time test, or for cables in 


SIMONS: CABLE BREAKDOWNS 


Transactions A. I. E. BE. 


service. For instance, the present theory which 
involves the conception of overstressed insulation could 
not possibly hold in a cable of high dielectric loss under 
long time test, inasmuch as the heating of the over- 
stressed layers would greatly change conditions, and 
would undoubtedly lead to breakdown in some cases 
from other causes. Quite aside, however, from the 
matter of the general heating of the cables due to 
dielectric losses, it is conceivable, and indeed probable, 
that there is a gradual deterioration of insulation which 
is overstressed, so that the limitation of working volt- 
age of a single-conductor cable may well be the stress 
at or near the conductor surface, whereas the limitation 
of the voltage which may be sustained for short-time 
tests may be dependent upon some other function, such 
as the average stress, or even the minimum stress as 
suggested by Fernie. 


CONCLUSIONS 


It may be concluded that Fernie’s data are not 
sufficient in themselves to justify his claim that the 
minimum stress is a constant at breakdown. The 
deviations of the minimum stresses from constancy are 
practically no greater than the deviations of average 
stress. There is, however, an indication that for the 
conditions of the tests and primarily their duration, 
the maximum stress theory is incorrect, though the 
data are inadequate to form the basis of a definite con- 
clusion. . 

It may also be concluded that if a set of experiments 
should definitely indicate the constancy of minimum 
stress, even this would not mean that the minimum 
stress, or the stress at the sheath, is in itself the limit. 
The constancy of minimum stress may be explained 
in terms of the critical breakdown gradient of the 
insulation, together with the conception of over- 
stressed insulation, and undoubtedly there are other 
methods of explanation. 

The great present need in this problem seems to be 
experimental data. No attempt is made herein to go 
beyond experimental data which have already been 
published. ‘The theory outlined herein is’ intended 
merely to show that Fernie’s claim that the minimum 
stress is a constant is susceptible of another explana- 
tion, and no claim is of course made that the present 
theory is correct, because an essential of the theory is 
the constancy of the minimum stress for cables of 
Class 1, and this is not proved by the data published. 


Discussion 
For discussion on this paper see page 611. 
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The effect of composite structure wpon the electric properties of dielectrics has been observed and theorized upon by 


various people, as mentioned in the Introduction. 


The present paper attempts to show a quantitative expression of power- 
factor and dielectric loss in terms of the resistivities and specific capacities of the elements of the insulation. 


It also 


shows the electrical function of the paper in impregnated paper insulation, and cites experiments which indicate that 
the electric failure of such insulation is due to ionic motion in the oil; the obvious deduction being that the voltage rating 
of cables should depend wpon the degree to which ionic motion in the oil can be restrained. 


ABLE dielectrics are composed of mixtures of 
various substances in which organic substances 
play the most important role. 

Impregnated paper insulation consists principally 
of fibers of cellulose, surrounded by and filled with 
mineral oil. Rubber insulation consists of vulcanized 
rubber, hydrocarbons and various mineral substances. 
Varnished cambric insulation consists of cellulose 
fibers, air, oxidized oils and hydrocarbons. All of 
these components differ from one another in resistivity, 
specific capacity, and thermal characteristics and their 
juxtaposition leads to effects which influence the volt- 
age at which they lose their insulating qualities. 


DIELECTRIC LOSS 


It is noted in the Committee’s introduction that 
various physicists have explained residual charge and 


C; R, 


C, Rz 
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associated effects on the basis of heterogeneity of the 
dielectric and that Fleming and Dyke suggested that a 
heterogeneous dielectric might be represented by a pair 
of condensers in parallel, each condenser having a 
resistance in series with it asshown in Fig. 1. Wagner 
gave a quantitative exposition of the effect of hetero- 
geneity upon residual charge and hinted that a similar 
method might be applied to the study of dielectric 
losses. 

Addenbrooke showed .that Fleming’s combination 
of parallel condensers leads to unsatisfactory conclu- 
sions. Following the logical development of Fleming’s 
and Wagner’s conceptions, the authors have tried the 
combination of condensers and resistances shown in 
Fig. 2. 

If a leaky condenser, represented diagrammatically 
by C, and R, in Fig. 2 be placed in series with a resist- 
ance R, and an alternating potential impressed across 
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the combination, the reactive as well as the active 
component of the current will, of course, be carried 
through the resistance R, and will cause a loss of energy 
therein. If the resistance R, be shunted by acondenser 
of capacity C, some of the current will be carried by 
that capacity (without energy loss) thereby reducing 
the energy loss in the resistance R.. If the capacity 
C, be increased, a condition will be attained where the 
entire reactive component will be carried by the two 
condensers in series, and the active component by the 
resistances in series, no current then circulating across 
the connection. _When the capacities and resistances 
are so proportioned, the energy loss in the combination 
will be a minimum for a given total resistance. 

Some years ago, the authors noted a correspondence 
between residual charges and dielectric loss, those insu- 
lations having high residual charge invariably showing 
high dielectric loss. This afforded a confirmation of 
Wagner’s suggestion and a theoretical analysis was 
made of the energy losses in a circuit consisting of two 
leaky condensers in series, for which see Appendix I. 

The net result of this analysis was the following 
equation for the power factor of impregnated paper 


insulation. (See Appendix IT) 
cos @ = 
Pi Pe 
a + i A. + ib 
freee prea: 2 p1p2(l + V a a] 
Parthians se Amst (a, + 1) (a2 + 1) 


Where op. = resistivity of impregnating compound 
ohm - cm. 
= resistivity of cellulose fibres, ohm - cm. 
specific capacity of impregnating com- 
pound 
= specific capacity of cellulose fibers 


= frequency of alternating e. m. f. 
2 


A = ( Sates 
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The specific capacity of petrolatum, the type of 
mineral oil generally used for this purpose, is about 
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two and that of cellulose fibers about four, values which 
do not vary greatly with the grade or temperature. 
The resistivities of both substances vary enormously 
with the temperature, and in the case of petrolatum, to 
a considerable extent with the chemical composition. 
It is therefore of interest to see how the power factor 
varies with the resistivity of the petrolatum at a given 
temperature, say 85 deg. cent. assuming the other 
quantities to remain constant. 


80 


70 


60 


POWER FACTOR-PERCENT 
e=9 
o 


1 2 3 45 
RESISTIVITY-OHM-CM(MULTIPLY BY 10°) 


Fie. 3 


Experimental data, represented by small circles, compared with 
theoretical curve. 


Unfortunately a practical difficulty stood in the way 
—the determination of the resistivity of cellulose. 
The resistivity desired is not that of paper, nor even 
of paper fibers, but of the walls of the fibers. The 
fibers are about 7 mm. long and 0.02 mm. in diameter 
and they have a variable wall thickness of the order 
of 0.005mm. It seemed almost impossible to make 
resistivity measurements upon such small specimens. 
Another difficulty was that the resistivity derived from 
measurement depends upon the time of electrification. 
As the research was primarily industrial, rather than 
purely scientific, it was decided to assume the equation 
to be correct, deduce the resistivity of the cellulose 
therefrom by tests based upon known values of specific 
capacity and oil resistivity. This was done for a 
one-minute electrification and at a temperature of 
85 deg. cent. The resistivity of the cellulose at that 
temperature was found to be 0.07 X 10 ohm-em., 
a value consistent with tests by A. Campbell on other 
forms of cellulose. 

Assuming this value, the power factor of the insula- 
tion was calculated for other oil resistivities. A graph 
of this relation is shown in Fig. 3. 

Experiments were made both upon flat samples and 
upon cables and the results are shown by the circle- 
enclosed dots in Fig. 8. It will be observed that the 
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experiments confirm the theory fairly well over a range 
of power factors from 2 per cent to 80 per cent. 

This theory is not offered as a complete explanation 
of dielectric loss, but merely as an approximate working 
theory to guide designers. The phenomenon is un- 
doubtedly far too complicated to be covered by any 
simple formula and a great deal of research work will 
be required before a complete explanation can be 
offered. 

According to the above theory, the power factor 
should be inversely as the frequency when p: and p2 
are so great as to make the leakage current negligible. 
It should be independent of the frequency when pi 
and pz are so small as to virtually short circuit the 
capacities. For intermediate values, the power factor 
should decrease with increasing frequency according 
to the equation. The authors have riot yet had an 
opportunity to make experimental checks ‘of the 
effect of frequency. 


16 


SPECIFIC INDUCTIVE CAPACITY RELATIVE RESIDUAL CHARGE OR RESISTIRITY 


20 40 60 80 
TEMPERATURE DEG. CENT. 
Fig. 4° 


The same general reasoning might be applied, 
although with greater difficulties, to the evaluation of 
dielectric loss in rubber compounds and varnished 
cambric insulation. It must be remembered, however, 
in applying the theory, it is assumed that no moisture 
is present, as a very small proportion will have a greater 
effect than even a fairly large reduction in the resistiv- 
ity of one of the essential constituents. It is greatly 
to the credit of those concerned with manufacture that 
it is possible to obtain cables in which the moisture 
content is entirely negligible. 

As dielectric loss in a well dried, well impregnated 
paper cable depends principally upon the conductivity 
of the oil, the loss must occur principally in the oil. 
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The work of Pungs, cited in the introduction to this 
symposium tends to show that conduction in oil is 
due to ionic travel rather than to mere ionic displace- 
ment. According to this theory, which is confirmed 
by tests cited below, a high-loss cable, 7. e. one in which 
the “a-c. conductivity” is high, is liable to have the 
ions in its oil set into unduly rapid motion, a condition 
favorable to electric failure. 


EVIDENCES OF FREE IONS 


The test of any theory lies in its ability to explain 
phenomena. The test is especially satisfactory if a 
simple theory is found to explain a complicated series 
of phenomena. Regarded in this light, the theory 
that petrolatum normally contains free ions of both 
polarities is very satisfactory. The theory was effec- 
tively used by L. Malclés to explain the phenomena 
which occur when a petrolatum condenser is charged 
and discharged, using an electrometer to measure the 
charges. He showed that the behavior of such a con- 
denser depends upon the viscosity of the petrolatum 
which, in turn, depends upon its temperature, and he 
explained this on the basis that the mobility of the 
ions is an inverse function of the viscosity. 

Tests of capacity were made both by the d-c. and 
the a-c. methods, readings being taken over a range of 
temperature from 0 deg. to 100 deg. cent. and on a 
great number of specimens. The d-c. tests were made 
with a ballistic galvanometer, the petrolatum being 
in a cell, details of which are given in Appendix III. 
An example of the results is shown in Fig. 4 which gives 
the characteristics of a rather poor grade of petrolatum 

chosen for purposes of illustration because of the 
exaggerated degree to which it shows the phenomena 
under consideration. 

Consider first the curve of apparent specific ca- 
pacity, as measured by direct current. 

When the condenser is charged, the negative ions are 
drawn toward the positive electrode and the positive 


ions, toward the negative electrode. When the con- 


denser is discharged the ions diffuse from the electrodes, 
and redistribute themselves at random throughout 
the petrolatum at a rate depending on its fluidity. The 
current resulting from this ionic diffusion may or may 
not add itself to the true discharge current for the 
following reason: An appreciable interval of time 
elapses, in testing, between the end of the charge and 
the beginning of the discharge through the galvano- 
meter circuit and the diffusion of the ions may occur in 
this interval. In this case the diffusion current would 
not be observable and the apparent capacity would 
equal the true capacity. This was found to occur at 
about 75 deg. cent. 

With lower temperatures, the petrolatum being more 
viscous, the diffusion of ions is slower, until at a certain 
temperature it should last through the interval between 
the end of the charge and the beginning of the discharge. 
At lower temperatures, it should last longer, but should 
be weaker. Hence, at a certain temperature, the 
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diffusion of ions should occur at such a speed as to 
make the apparent capacity a maximum. This 
temperature was found to be in the vicinity of the 
melting point, 50 deg. cent. In the case recorded in 
Fig. 4, the apparent capacity as measured with direct 
current, is about seven times the capacity as measured 
with alternating current. At yet lower temperatures 
the ionic diffusion is so slow, due to the viscosity of 
the petrolatum, that it should have little effect upon 
the apparent capacity. This condition was found at 
temperatures below 20 deg. cent. 

If the petrolatum is sufficiently viscous the ionic 
diffusion which follows ‘a discharge may continue long 
after the completion of the capacity test, and, if the 
condenser plates are kept insulated from one another, 
this redistribution of ions will result in residual charges 
on the plates. The residual charge one minute after 
the initial discharge was measured and the value at 80 
deg. cent. arbitrarily taken as unity in order to show 
the relative values at different temperatures. These 
values are plotted in Fig. 4, and show that the residual 
charge reaches a maximum at a temperature slightly 
below the melting point. This would be expected 
from the theory of ionic diffusion because the residual 
charge should be most evident when the petrolatum is 
soft enough to permit diffusion but not so fluid as to 
allow this diffusion to be complete before the minute 
interval has elapsed. 

Thus far we have considered only ions of molecular 
dimensions. Electrons will behave differently by 
virtue of their ability to travel through conductors. 
Electrons will be attracted to the positive electrode, 
but unlike the ions of molecular dimensions will not 
remain in the petrolatum. They will be drawn into 
the electrode and charging circuit and a corresponding 
number will appear on the negative electrode. 

If the charging potential be removed, the electrons 
will diffuse through the petrolatum. If the electrodes 
be connected through a galvanometer, the moving 
electrons will set the electrons in the circuit moving in 
opposite direction to the discharge current, thereby 
reducing the apparent capacity and on later discharge, 
making the residual charge appear to be negative. 
These effects predominate only at such temperatures as 
correspond with very low viscosity, when the diffusion 
of molecular ions is so rapid as to produce no appre- 
ciable effect upon capacity measurements. In Fig. 4 
this begins to occur at about 90 deg. cent. 

The ionization theory of the residual charge of petro- 
latum does not explain the entire residual charge in a 
cable, this being due largely to the juxtaposition of 
the particles of oil and cellulose at whose surfaces 
charges are induced by virtue of their different specific 
capacities. 

FUNCTION OF PAPER IN IMPREGNATED PAPER CABLES 


An experiment was made to ascertain the effect 
upon the dielectric strength of petrolatum, of inter- 
posing various numbers of sheets of paper between 
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testing electrodes. The experiment was made in 
an oil-testing cut having flat. surfaced cylindrical 
electrodes 14 in. in diameter. The results are plotted 
as Curve A in Fig. 5, which shows clearly that in spite 
of the fact that after inserting the paper the oil was 
more highly stressed, due to the introduction of a 
dielectric of higher specific capacity, its dielectric 
strength increased as it was divided into thinner 
laminas by the introduction of more sheets of paper. 


BREAKDOWN PRESSURE ~ KILOVOLTS 
a 


~ 
uo 


1 2 3 4 5 
NUMBER OF PAPER BETWEEN ELECTRODES 


Fre. 5 


If the paper be severely creased, and the crease 
viewed under a microscope, the line of the crease will 
be revealed as a hedge of fibres sticking out of the 
surface. In a cable, such projecting fibres will not act 
as barriers to ions trying to get through the paper, as 
they are loose and lie along, not across, the path of such 
ions. Hence we should expect badly creased paper, 
or paper with loose fibers, to be a less effective baffle 
to the ions and therefore to be less effective than 
smooth, tight paper in raising the dielectric strength of 
oil. An experiment similar to the last described was 
made with the only difference that badly creased paper 
was used. The results are shown by Curve B Fig. 5. 
It will be noted that both curves show a decided up- 
ward tendency, and further experiments, with different 
oils and papers have shown that this upward tendency 
continues as the number of papers increases, but 
experimental difficulties with the high voltages required 
to breakdown a wide gap, prevented obtaining a 
smooth curve for a much larger number of papers. 
Isolated experiments, however, indicate that the ratio 
of the breakdown voltages for uncreased and creased 
papers, keeps on increasing as the number of papers 
is increased, until it is at least two. 

An interesting experiment was made with a radio 
frequency generator which showed in a very simple 
way the effect of serious creases upon the dielectric 
strength of impregnated paper. A plate of metal was 
connected to one pole of the generator and a movable 
wire connected to the other pole. The latter was 
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held above the plate at such a distance that when 
about 17,000 volts were applied between wire and plate 
luminous white streamers extended between them. A 
sheet of oil-impregnated paper was then laid on the 
metal plate, with the result that the white streamers 
stopped immediately. When the wire was brought a 
little nearer the plate, faint purple streamers spread 
out from the wire, and flattened out over the paper. 
The crease in the paper was then brought within 
three cm. (horizontally) of the wire, the wire being one 
em. above the paper. White streamers then spread 
from the wire to the plate through the crease as shown 
in Fig. 6. 

Another sheet of impregnated paper with many 
creases was substituted for the first sheet and the wire 
moved slowly at right angles to the creases. Streamers 
jumped from crease to crease, never puncturing the 
uncreased paper. 

A similar experiment made with unimpregnated paper, 
showed that the streamers were not attracted by the 
creases and proved that the harmful effect of creases is 
due to their effect upon the insulating properties of the 
oil rather than upon that of the paper itself. 

The conclusion to be drawn from these experiments 
is that the electrical breakdown of impregnated paper 
is due to ionic motion in the oil, which is obstructed 
by the paper fibers. 


Fig. 6 


CONCLUSIONS 


Three sets of experiments have been cited and a 
theoretical explanation of each set has been given. 

The first experiments indicate that when the power 
factor of impregnated paper insulation has been 
lowered as far as possible by the removal of air and 
moisture, there remains an element of power factor 
which depends upon the resistivity of the oil. This 
element is far too great to be explained on the basis 
of leakage current but may be explained as due to 
current which passes inductively through the capacity 
of the cellulose fibers and conductively through the 
oil. ; Seer 
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The second experiments indicate that the oil used 
in impregnated paper insulation normally contains 
free ions in considerable quantities. 

The third experiments indicate that the failure of 
impregnated paper insulation may be due to the estab- 
lishment of streams of ions in the oil. 

It would be logical to deduce from these considera- 
tions that in designing and using high-voltage cables 
particular care should be taken to impose every pos- 
sible restraint upon ionic motion in the oil. 

The practical means of accomplishing this are as 
follows, it being assumed that manufacturing processes 
will eliminate all air, vapor, and moisture: 

1st. Use paper of a quality and thickness that will 
have the maximum baffling effect. 

2nd. Apply the paper so that it will exert the maxi- 
mum baffling effect. 

3rd. Avoid sharp bends or other severe mechanical 
strains in manufacturing and installing. 

Ath. Use oil of a quality to make the dielectric 
loss fairly low. 

Appendix I 


THEORY OF ENERGY LOSS IN A PAIR OF LEAKY 
CONDENSERS IN SERIES 


A pair of leaky condensers in series may be repre- 
sented for purposes of calculation by a pair of perfect 
condensers in series, each condenser being shunted by 
a non-inductive resistor. 

Consider a pair of perfect condensers having capaci- 
ties c, and c, and a pair of resistors having resistances 
r, and r, arranged as in Fig. 2, and suppose a sinusoidal 
e. m. f. of H volts to be imposed between the terminals 
A and C. 

Let ay "(2m frye}? (1) 
a, = (2 T f to 2)? (2) 

Then the cosines of the imperfection angles of the 

parts A B and BC, will be as follows: 


1. 

pe Ta 1 “ 
1 

EN hd dJance Oe Me 


and the sines of the imperfection angles will be as 
follows: 
1 


eign Cs A 
1 
$2: = "a ae SLANE (6) 


Let 7; and 7; be the currents in 7; and rz respectively 
and J, and J, the currents in c; and Cz respectively. 
Then the total power loss will be: 

W = 4211 + 12? Te (7) 

Let Z, and Z, be the impedances from A to B and B 
to C, respectively. . Then 

2. =nS1 (8) 

Z,  =1282 (9) 


DELMAR AND HANSON: IMPREGNATED PAPER INSULATION 567 


and the total impedance from A to C equals 
Z re V (Ziky + Ze ke)? + (42181 + Ze 82)? 
= / Zz a Le a Vig (ki ke $1 Se) 


(10) 
Combining 8 and 9 with 10 
2? = Ti? sy + 19? $9? oe 21, To 81 Se (ky ky 
- ry rT? 
Si}, Sah = Gy ad a eal: 
+2717. 14+ Vai a, (11) 


(a1 + 1) (a2 + 1) 


As the drop from A to B is the same in amount by 
either parallel path and as the drop from B to C is the 
same in amount by either parallel path 


Wr) = Oates Ort =\7u4/ Gi (12) 

Ps { I, ON) See 

to Ma = an or [5.=.45 4/7 Ge os 
If I be the total current through the circuit 

I =h/Z=VJV1I2 + (14) 

Dich] Zoan/ le Ha? (15) 
Combining 12 and 14 

E/Z = V1? (a, + 1) 
and combining 13 and 15 

E/Z = V/ 12 (a2 + 1) 
whence 

: FE? 

2 a3 

f E? 

ie = Was Edy (17) 
Inserting the values from 16 and 17 in 7 

Ligh T2 

W ie E ay a i; Zi Qe ata 1 (18) 
Combining 18 with 11 

W = 

Fi Te 
EP a +1 a2 +1 
‘nil ex 4. 2r172 (1 + V aids) (19) 
abl ert @t)@+) 


It is of interest to note that if a, = a2 the above equa- 
tion reduces to 


W i 


Ti + 12 
indicating that the loss, in this case, is the ohmic loss 
due to leakage current only. 

The power factor cos 6 may be derived as follows: 
By definition b 


(20) 
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W WZ 
Cos 6 = ET = oe (21) 
Combining equations 18 and 21 
Cos 6 = 
Ti Te 
% at i a2 +1 
he ss 1” 2ri7o (1 + +/ a; ae) 
VG Lie nee : my 22) 


(ai + 1) (a2 + 1) 
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POWER: FACTOR OF HETEROGENEOUS INSULATION 


A non-homogeneous dielectric consists of a mixture 
of particles of different resistivities and specific capaci- 
ties. When a potential difference is established across 
such a dielectric, it sets up both displacement and con- 
duction currents. At the boundaries between particles 
of different resistivities and specific capacities, the 
current may change from a conduction to a displace- 
ment current, or vice versa, just as at the plates of a 
condenser, the current changes from a displacement 
current into a conduction current as it leaves the di- 
electric and enters the plates. The total 2? r loss may 
therefore be due not only to the leakage current but 
also to local conduction currents generated in particles 
of the insulation by the displacement currents. 

A homogeneous dielectric may be represented by 
a capacity shunted by a resistance. When alternating 
voltage is applied across such a dielectric, the only 
energy loss that occurs is the 7? r loss due to that portion 
of the current which passes through the resistance and 
this is the same for direct as for alternating currents. 


A non-homogeneous dielectric may be represented by 
two or more shunted capacities in series. In the 
case of a dielectric consisting of two elements, if one 
of these capacities is high and the shunted resistance 
of the other is low, most of the current will pass in- 
ductively through that capacity and conductively 
through that resistance causing a high ohmic loss in the 
latter. This loss constitutes the major part of the 
dielectric loss and can occur only with alternating 
current. 


It was shown in Appendix I that the power factor 
of two leaky condensers in series may be represented 
by the following equation: 

Cos 6 = 
11 To 
a+l a+1 


r? rT? 27172 (1 + Vv Gi Ge) 
Vaart tamer toes Ty 


—Gth@th ) 

The quantities a; and a, in this equation each con- 

tains the product of the resistance and capacity of one 

of the elements of the dielectric. But this product may 

be expressed in terms of resistivity p, or p2 and specific 

capacity K, or K; by the following well known rela- 
tions: +: 
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Cy) = coin igs eee 
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Fig. 7—ELecrrouytic Ceuu ror Liquip INSULATION 


No No Req. Material 
1 1 Brass 


Description 
Bowl 9.4 cm. in diameter with lip 9 mm. high & 
2mm. in thickness (see 11) 


2 1 7 Circular plate 8 cm. dia. 2 mm. thick with collar 
1.6 cm. dia. 4 mm. thick (see 12) 
3 1 Cylinder 8.4cm. inner dia. 1 mm. thick., axial 
length = 4cm., with flap for binding post. 
4 4 —_— Holes bored through “9” parallel with axis, at 
radial distance of 5cm. 2mm. dia. 
5 1 Brass Nut to same thread as ‘‘6” 
6 1 Steel! Pin 6mm. dia, 5.2 cm. long threaded upper end 
to fit. ‘‘5’’ & drilled & tapped to take ‘‘8”’ 
7 1 Brass Washer 8.5cm. dia., center hole 6mm. dia. 
1 mm. thick. 
8 2 Binding posts 1.25 cm. long & 6mm. dia. (wire 
~ hole 2.5 mm. dia.) 
9 1 Insul. Circular block, axial length 3.8cm. 8.4cm. 
Material dia. (see 4) 
10 1 - Ring. axial length 4cm. & 4mm. thick with 
flange cut out bottom end 3 mm. deep to fit ‘‘1”’ 
11 1 — Thermometer hole bored 5.8 cm. deep & 8 mm. 
dia. 
12 8 = Holes bored through ‘‘2’’. 1mm. dia. at radial 
distance of 1.5 cm. from center 
16 —  - Holes’ bored through “2”. 1mm. dia. at radial 
distance of 3 cm. 
13 4 Brass Screws. 1 cm. long 
14 16 — Vent holes. 1mm. dia. 


Inserting these values in equations (1) and (2): 
2 
a mas fpr Ki ) 
sri mail gi bo ale Ci | 
(24) 
ppcuist f Pe K, ) 
rte os ( 18 x 10" 


If, as is approximately the case in impregnated 
paper, the thickness of the two elements, paper and 
oil, averages about equal, the resistances r; and rz 
may be replaced by resistivities p; and p2 Hence, 
equation (22) may be expressed as follows: 

Cos 9 = 


Pi Po 
gi + a, ; 1+ Qe 
ch P Is Tits. Chine ae 2p: ps(1+ Vai a2) 


(25) 


l+a + 1+4; (1 + a) (+ aa) 
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If p; and pe are as great as they are usually found to A and varying R; until the galvanometer showed no 


be, the ones may be omitted without appreciable error, 
the equation then reducing to the following simple 
form. 


Fig. 8 


Ai?/pi = A.?/ po 


Cos*0*= 26 
in iokads ie 
Where AS = A8 x 10" 
f Ky 
eae 208 
f Ke 


Appendix III 
CELL FOR RESISTANCE AND CAPACITY MEASUREMENTS 

The resistivity of petrolatum was determined by 
measurements of a film 1mm. thick and 8cm. in 
diameter. The design of the cell, in which measure- 
ments were made, is shown in Fig. 7, and its appear- 
ance in Fig. 8. 

The general arrangement of the testing circuit is 
shown in Fig. 9: With this apparatus the resistivity 
of an oil can be determined over a range of temperature 
from 30 deg. cent. to 105 deg. cent. in three-quarters of 
an hour. 

The heating of the cell is accomplished by placing it 
on an electric hot-plate. With a reasonably sensitive 
galvanometer a sufficiently great deflection can be 
obtained to ensure an accuracy of 10 per cent. This 
may seem to be a large error, but the authors have 
known cases where different laboratories, using dif- 
ferent types of cells, could not check such measure- 
ments within 50 per cent. 

Capacity measurements were .made with direct 
current by the ordinary ballistic galvanometer method, 
and with alternating current by a new method involvy- 
ing the use. of a guard ring. The diagram of connec- 
tions is shown in Fig. 10. C, is the cell connected 
in the Wheatstone bridge circuit. The resistance R, 
is in series with the guard ring of the cell to prevent a 
serious are in case the oil should fail under the applica- 
tion of voltage. The detector G is a Weibel electro- 
magnet moving-coil galvanometer. The mutual in- 
ductance M, the resistance R and the capacity C are 
parts of the moving-coil circuit of the galvanometer 
and serve to stabilize the deflections and to produce 
critical. damping. The shield circuit, R, and C;, 
was adjusted by connecting the galvanometer to post 


‘ eell a condenser of known value. 


deflection’ when the key K was reversed. After this 
adjustment had been made the bridge could then be 


. 9—DiaGRAM OF CONNECTIONS—RESISTIVITY OF OILS 


. Upper electrode of resistivity cell. 

Guard ring of resistivity cell. 

Jagabi resistance 2000 ohms. 

Ayrton galvanometer shunt. 

Galvanometer. 

Paraffine slab under Ayrton shunt. 

Megohm. 

Battery of dry cells. 

. Lower electrode, bowl of resistivity cell. 

. Connection for obtaining constant of galvanometer. 
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accurately balanced by connecting the galvanometer 
to the post B and varying the resistance R,. 

For measuring the specific capacity of oil, a substitu- 
tion method was used. ‘The first balance was obtained 
with only air in the cell and then a second balance with 
the oil in the cell. The ratio of R, obtained in the first 
balance to that obtained in the second balance, is 
the specific capacity of the oil. 
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To check the accuracy of the method, the capacity 
of the cell with air was measured by substituting for the 
The measured capac- 
ity was found to be 0.000099 microfarads as compared 
with 0.000098 microfarads calculated from the dimen- 
sions of the cell. 

The specific capacity of an oil could be measured over 
a temperature range of 30 deg. to 105 deg. cent. in an 
hour with an accuracy of about 3 per cent. 


Discussion 
For discussion of this paper see page 611. 


Potential Gradient In Cables 


Discussion of the Logarithmic Formula, [ts Modification and 
Effect of Internal Heat 


BY W. I. MIDDLETON 
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Review of the Subject.—If the dielectric of a single-con- 
ductor concentric cable is homogeneous, the voltage gradient at 
any diameter x is given by 


dv _—s-— 0.868 ‘V 


dz . 
Alii ——— 
l gio j 


dv 
where ean is the voltage gradient or dielectric stress, V the voltage 
x 


between conductor and sheath, D the diameter over the dielectric 
and d the diameter over the conductor. 

A complete discussion of the above formula is followed by con- 
siderable experimental data and curves accumulated from many 
breakdown tests. 

Results of tests on cables with large ratios of dielectric diameter 
to conductor diameter are included and a modification of the above 
theoretical formula is discussed. The modified formula is checked 
by tests on a special cable which was constructed for this purpose. 

A new relation between the rupturing gradient at the surface of 
the conductor and the ratio D/d is suggested and curves of experi- 
mental data given. 
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Breakdown tests on three-conductor cables are included and the 
calculated rupturing stresses compared with those for single-con- 
ductor cables. 

Special cables were constructed so that measurements could be 
made of voltages between layers of insulation. From data obtained 
from these tests, curves are given showing the change in potential 
gradient as the internal heat of the cable is increased. Curves are 
given showing the effect of a change of temperature on the dielectric 
strength, the stresses and the factor of safety of cables. 

A complete description is given of the low-capacitance electro- 
static voltmeter used in the temperature-potential-gradient tests. 


CONTENTS. 
Review of the Subject. (270 w.) 
Introduction. (860 w.) 


Cables having Constant Outside Diameters but Varying Conductor Di- 


ameters. (1000 w.). 
Cables having Constant Conductor Diameters but Varying Outside Di- 
ameters. (350 w.) 


Effect of Stress on permittivity. (900 w.) 

Law of Breakdown for Values of D/d greater than 2.72. 

Stresses in Three-Conductor Cables. (2000 w.) 

Effect of Internal Heating on Voltage Gradient within Concentric Insu- 
lation. (2100 w.) 

Conclusions. (400 w.) 


(975 w.) 


INTRODUCTION 


N a paper presented before the Institute in 1914! 
two of the authors gave the relations of testing 
voltage to the allowable stress and to the geometry 

of cables. The rules and constants given at that time 
were the results of data and experience covering a 
number of years. Since that time we have been con- 
ducting numerous experiments in order to determine 
more specifically the relations which exist among the 
maximum allowable gradients, the applied voltage and 
the geometry of cables. Tests have also been con- 
ducted to determine the effect of the conductor heating 
on the potential gradients in cables. 


It should be appreciated that it is not a simple matter 
to determine the laws governing the breakdown voltage 
of dielectrics because the results are usually so erratic. 
The breakdown voltage for various sections cut from 
the most carefully made cable varies over wide limits 
even under the same conditions of test, owing to the 
fact that it is practically impossible to make homo- 
geneous insulation. When a weak spot yields to the 
stress, more stress is immediately concentrated on the 
remaining layers, and the cable punctures. This action 
is cumulative and tends to produce erratic results, 
even under the best of conditions. 'The breakdown 


1. W. 1. Middleton and Chester L. Dawes ‘‘Voltage Testing 
of Cables,” Trans. A. I. E. E., Vol. XX XIII (1914), page 1185. 

Presented at the Annual Convention of the A. I. E. E., 
Niagara Falls, Ont., June 26-30, 1922. 
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voltage is also a function of the rate of application of 
voltage, length of cable tested, ete. We have taken 
every precaution to prevent inconsistent results, by 
raising the potential at the same rate in every case, by 
using the same lengths of cable, and by taking the 
average of at least five readings for each test. 

We are presenting the results obtained from numer- 
ous experiments and indicating the laws which break- 
downs, etc., appear to follow in these tests. We do not 
claim that these laws are final, but on the contrary we 
feel that considerable more data must be obtained 
before any such laws can be accepted as final. In 
order to conduct a series of tests which will give satis- 
factory results, a large number of cables having the 
same dielectric, but with fixed outside diameters and 
variable conductor diameters, and also cables with fixed 
conductor diameters and variable outside diameters 
must be carefully made and tested. The fact that this 
involves considerable time and expense has prevented 
more data of this character being obtained. 

If the dielectric of a single-conductor concentric cable 
is homogeneous, the besa Petient at any diameter 
x is given by 


0.868 V 
oA oe Orage (a) 


x log D 
ital 


where S is the dielectric stress or potential gradient, V 
the voltage between conductor and sheath, D the diam- 
eter of the dielectric, and d the conductor diameter. 
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If x is expressed in mils, S is given in volts per mil. 
The stress is obviously a maximum at the surface of 
the conductor, where x = d. If the conductor diameter 
d, is small as compared with D, the stress S at the sur- 
face of the conductor will be large, even with a thick 
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Fig. 1—RELATION BETWEEN STRESS AT SURFACE OF CONDUCTOR 
AND ConpuctToR DIAMETER 
Impressed voltage and insulation diameter fixed. 


wall of insulation,-owing to the concentration of the 
dielectric flux at the conductor surface. As the diam- 
eter of the conductor d increases, D and V remaining 
fixed, S at first decreases, because of the less concen- 
tration of dielectric flux with increasing conductor 
diameter. When d = D/2.72, where 2.72 is the 
Napierian logarithmic base, S becomes a minimum. 
The gradient then increases with further increase in 
d, owing to the lesser thickness of the wall of the dielec- 
tric. The relation of the gradient S at the surface of 
the conductor and the ratio of the conductor to the 
dielectric diameter for fixed values of V and D is shown 


in Fig. 1. The minimum gradient occurs when 
d/D = 0.868 = 1/2.72. The curve, however, is quite 
‘ Pea ese eae tee 
A B ea le al 
| 
eae 
| 
oO a { — loot} 
= Sell 
Sing WW dete lacie 
iE fe ie 
{ 
+ oat 
D-l 
MG d 
0. 


1 ere 
0.2 0.4 .6 0.8 1.0 
CONDUCTOR DIAM. d 


Fig. 2—RELATION BETWEEN ALLOWABLE VOLTAGE AND Con- 
DUCTOR DIAMETER 
Maximum stress and insulation diameter fixed. 


flat near the point of minimum gradient. Obviously, 
S is infinite when d = O, and.when d = D. 

If the allowable gradient S at the surface of the con- 
ductor and the diameter of the dielectric D, be main- 
tained constant, the voltage which may be impressed 
on the cable 
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S D 

V= 0.868 d logio (2) 

Fig. 2 shows the relation between V and d, with S 
and D (= 1.0) fixed. The maximum voltage which 
may be impressed under these conditions, and yet not 
overstress the dielectric at any point, occurs when 
D/d = 2.72. or when d/D = 0.368. The voltage V 
is obviously zero when d = O and when d = D. 

When D/d is equal to or less than 2.72, equations 
(1) and (2) are generally accepted for determining the 
voltage, the stress, etc. Our experience has always 
been that these equations give very consistent results. 
When D/d exceeds 2.72, however, the layers of insula- 
tion adjacent to the conductor. can be subjected to 
gradients far in excess of those which the insulation 
can normally withstand and yet complete rupture does 
not occur because the gradient in the remaining layers 
is not sufficient to cause them to rupture. 

We have subjected rubber to dielectric stresses 
three and four times the value at which it normally 
ruptures by applying voltage to cables having a very 
small conductor diameter. 

The applied voltage was sufficiently high to produce 
high stresses in the rubber adjacent to the conductor, 
and yet not rupture the cable. Examination under a 
high-powered microscope of the rubber after being 
subjected to these stresses for considerable time, failed 
to reveal any change in the physical structure of the 
dielectric. 


CABLES HAVING CONSTANT. OUTSIDE DIAMETERS BUT 
VARYING CONDUCTOR DIAMETERS 


In order to investigate the effect of large ratios 
of dielectric to conductor diameters on dielectric stresses 
we had several special cables made up. Itwasnecessary 
to make these of rubber as it is difficult to use wrapped 
insulations, such as paper and cambric, with the small 
conductor diameters which we used. Moreover, rub- 
ber is a more homogeneous dielectric than either of 
the other two. 

The first two sets of cables were made with the object 
of determining the effect upon breakdown voltage of 
having a constant outside diameter and variable 
conductor diameter. The outside diameters were 12/32 
in. or 375 mils (9.49 mm.). 

With a gaseous dielectric and concentric cylinders 
having diameter ratios exceeding 2.72, the dielectric 
at the surface of the inner conductor becomes ionized 
when the voltage gradient at its surface becomes 
sufficiently high. This produces corona at the surface 
of the inner conductor, and its effective diameter is 


D 
=1.158 d logio— 7 


'inereased by corona formation, as is well-known. 


Theoretically, this can occur until the corona diameter 
equals D/2.72, when complete rupture occurs without 
further increase of voltage. These effects will be 
modified somewhat by the ionization of the air outside 
the corona diameter. 

So far as we know, this effect can only occur in solid 
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dielectrics when there are pockets of occluded gases, 
and even then the effect cannot be large. In well- 
made cables we feel that the effect of corona formation 
on stress distribution is negligible. 

Assume that the values of V given by curve OBC, 
Fig. 2, produce a gradient at the surface of the con- 
ductor equal to the disruptive strength of the dielectric. 
When the impressed voltage exceeds the values given 
by the portion O B of the curve, the dielectric near 
the conductor is obviously stressed beyond its dis- 
ruptive strength. So far as the writers know, corona 
cannot form in such a manner as to increase the effect- 
ive diameter of the conductor. Many theories as to 
the effects which this condition of overstress produces 
in the dielectric have been advanced, such as the 
carbonizing of the dielectric, etc. 

In the cables constructed for investigating this 
effect, conductors ranging from No. 24 A. W. G. giving 
a value of D/d = 18.65 to No. 3 Stranded (A. W. G.) 
giving a value of D/d = 1.44 were used. Breakdown 
tests were made on short lengths, the results of which 
are tabulated in Table I. 


TABLE I. 
Set No.1. D.=12/32in. = 0.375 in. (9.49 mm.) 
Cond Break- Gradient at 
Size cond. | diam. (d) Ratio Ratio down cond. surface 
A. W. G. mils D/d d/D voltage volts per mil 
24 solid 20.1 18.65 0.0536 27,680 942 
20 32.0 11.70 0.0853 29,480 748 
14 65.0 Le id 0.173 33,940 592 
< 90.0 4.17 0.240 35,280 549 
8 128.0 2.93 0.342 39,140 568 
6 162.0 APs fil 0.432 33,490 493 
5 186.0 2.02 0.496 31,760 487 
2 258.0 1.45 0.688 23,830 494 
3 strd. 260.0 1.44 0.694 27,950 587 


The insulation showed adielectric strength of approxi- 
mately 500 volts per mil when D/d was less than 2.72. 
The values of breakdown voltage given in Table I 
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Fic. 3—RELATION BETWEEN RupTURING VOLTAGE AND THE 
Ratio or Conpuctor to INSULATION DiammTEerRsS FoR DATA 
IN TABLE I. 


Full line—actual breakdown 
Dotted line—calculated breakdown 
Maximum stress—500 V/mil 


are plotted as kilovolts in Fig. 3, with the ratio d/Das 
abscissas. With two exceptions, the points lie on a 
smooth curve. The dotted curve shows the voltage 
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which will give a constant gradient of 500 volts per 
mil at the surface of the conductor, as the conductor 
diameter varies. It will be noticed that the two curves 
coincide, over the range of experiment, for values of 
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Fig. 4—RELATION BETWEEN RUPTURING VOLTAGE AND THE 
Ratio oF Conpuctor To INSULATION DIAMETERS FOR Data 
In Tasxe II 


Full line—actual breakdown 
Dotted line—calculated breakdown 
Maximum stress—347 V/mil 


d/D greater than 0.368 or 1/2.72. When the value of 
d/D is less than 0.368 the breakdown curve departs 
from the constant gradient curve, lying well above it. 
If the insulation loses its dielectric strength as soon 
as it becomes overstressed, the breakdown voltage 
should follow the curve A B C, Fig. 2, as was pointed 
out by the authors in their 1915 paper’. 

Our experience that the breakdown voltage usually 
followed the straight line A B more closely than the 
the curve O B, Fig. 2, led-us to adopt the following 
formula for cables having conductor diameters less than 
DY QA2 


g 0.868 V 5.44 V 3) 
ee yey D 
d. logic 
c 
here d L 
wnere = Ae 
c 2.72 
TABLE Il. : 
Set No.2. D =12/32in. = 0.375in. (9.49 mm.) 
Cond. Break- Gradient at 
Size cond. | diam. (d) Ratio Ratio down cond. surface 
A Wo mils D/d d/D voltage | volts per mil 
24 solid 20.1 18.65 0.0536 39,940 1355 
20 32.0 11.70 0.0853 38,250 971 
14 65.0 5.77 0.1732 34,900 612 
a 90.0 4.17 0.240 36,760 571 
8 128.0 2.93 0.342 31,630 460 
6 162.0 2.31 0.482 26,870 395 
5 186.0 2.02 0.496 23,980 368 
3 229.0 1.637 0.610 16,750 297 
2 258.0 1.453 0.688 15,720 326 


The cables whose breakdown characteristics are 
given in Table I and Fig. 3 follow this law very closely. 
The breakdown voltage actually becomes less when the 
conductor diameter beconies less than D/2.72, showing 


2. loc. cit. 
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that the insulation between the conductor and the 
diameter D/2.72 adds nothing to the dielectric strength 
of these particular cables, but rather causes it to be 
less. 

Table II gives data on another set of cables (No.2), 
similar to that shown in Table I. These cables were 
made of rubber having very nearly the same compo- 
sition as that used in No. 1, but were cured by a 
different method. 

Fig. 4 gives the relation between d/D and breakdown 
voltage for this set of cables. The dotted curve is 
calculated on the basis of 347 volts per mil, the average 
of the gradients at the conductor surfaces for the last 
four cables, whose ratio of outside to conductor di- 
ameter was less then 2.72. 

Although the dielectric of these cables is nearly 
the same as that of set No. 2, except for cure, this set 
of cables has markedly different dielectric charac- 
teristics. The dielectric stress calculated for large 
values of d/D is only about 0.7 that for the first set of 
cables and yet with small values of d/D it has much 
greater dielectric strength. That is equation (3) is 
not applicable to these cables. A comparison of the 
results obtained with these two cables demonstrates 
the difficulty of obtaining consistent results under all 
conditions. 


CABLES HAVING CONSTANT CONDUCTOR DIAMETERS 
BUT VARYING OUTSIDE DIAMETERS 


In order to determine the effect on the dielectric 
strength of cables of increasing the wall of insulation 
with a fixed conductor diameter, another set of cables 
was made up. In this set a No. 24 A. W. G. conductor 
having a diameter of 20.1 mils (0.51 mm.) was used. 
The diameters of the insulation varied from 3/82 in. 
(2.388 mm.) to 10/32 in. (7.94 mm.) giving values of 
D/d ranging from 4.69 to 15.55. 

The results obtained with these two sets of cables 
were used to determine the breakdown constant K 
of the insulation. 

Dividing equation (1) by 0.868 gives 


eS Sane (4) 
D 
d log —— 
0g — 


se apes ee 


This equation is used to calculate K when D/d is less 
than 2.72. When D/d is greater than 2.72 equation 
(3) is likewise used. 
Kan 4 B50 .20Y 
d, log = ss 


c 


(5) 


The constant K is the dielectric strength of the insula- 
tion multiplied by the constant 1.15. If the break- 
down voltage follows theselawsthevaluesof K obtained 
by using equations (4) and (5) should be practically 
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constant. As the values of D/d for all the cables in 
Table ITI were greater than 2.72, only equation (5) 
was used in the computation of K, for these particular 
cables. 


TABLE IIL. 
Set No. 3—No. 24 A. W. G. Cond. Diam. (d) = 20.1 mils (0.510 mm.) 

Outside Ratio Breakdown 

diam. D/d voltage k 

3/32 in. 4.69 9,930 663 

4/32 6.22 13,600 681 

5/32 TEOrITs 17,800 715 

6/32 9.33 23,000 769 

8/32 12.45 27,300 685 
10/32 15.55 34,200 685 


The values of K calculated, using equation (5) and 
given in Table III, are plotted in Fig. 5. 

With small values of D/d, K increases slightly. For 
large values of D/d, K is practically constant. The 
breakdown voltage of this set of cables followed the 
law given by equations (4) and (5) very closely. 


EFFECT OF STRESS ON PERMITTIVITY 


It is well-known that the dielectric constant or 
permittivity of a dielectric increases under dielectric 
stress. We felt that this fact might offer a partial 
explanation, at least, of the ability of the inner layers of 
cables to withstand voltage gradients far in excess of 
the normal rupturing gradients of the dielectric, and 
yet apparently show no signs of rupture. 

If the capacitance of that part of the cable nearer 
the conductor increased a sufficient amount, there 
would obviously be a less percentage of the total voltage 
across these layers under high stress, hence the cable 
would automatically grade itself. 

To determine whether or not there was any consider- 
able change of capacitance under these conditions, a 
special cable was made up. The dimensions and cross- 
section of this cable are shown in Fig. 6. Our idea 
was to make a cable having a very heavy wall of insula- 
tion and also an extremely high value of D/d. Between 
the conductor and outside, a concentric conducting 
cylinder was made into the cable as a means of deter- 
mining the potential at some intermediate distance 
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Fic. 5—RELATION BETWEEN Stress Constant K AND THE 
Ratio or INSULATION AND CoNpbucToR DIAMETERS FOR 
CaBLeEs IN TABLE III 


between the conductor and the outer surface of the 
insulation. Because of greater ease of manufacture, 
a 0.038-in. (0.97 mm.) lead sheath was used for this 
intermediate conducting cylinder. The copper was 
No. 12 A. W. G. having a diameter of 0.081-in. (2.06 
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mm.). The inside diameter of the lead was 0.328 in. 
(8.84 mm.) giving 4.05 as the value of D/d for this 
inside portion of the cable. This value of D/d is well 
above the critical value of 2.72 and any phenomena 
developing under these conditions should be apparent 


Fic. 6—Casie with INTERMEDIATE SHEATH 


in this cable. The outer diameter of the lead was 
0.404 in. (10.3 mm.) and the cable diameter was 1.0 
in. (25.4 mm.) giving 2.48 as the value of D/d for this 
outer portion of the cable. The ratio of outside to 
conductor diameter is only slightly less than the critical 
value of 2.72. 

Approximately 100-ft. lengths of this cable were im- 
mersed in water. The electrostatic capacitance was 
then measured with low-voltage, 25-cycle, alternating 
current by means of a deflecting dynamometer, the 
cable capacitance being obtained by direct comparison 
with a standard condenser. 
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Fig. 7—DiacGramM oF CONNECTIONS FoR StRESS TESTS ON 
CABLE WITH INTERMEDIATE SHEATH 


The cable was then connected to the secondary of a 
step-up transformer, the connections being shown in 
Fig. 7. The potential difference between the copper 
and lead and that between lead and ground was meas- 
ured by means of two vibrating electrostatic volt- 
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meters V, and V2, a description of which has already 
been published by one of the authors.* The capaci- 
tance of these instruments is practically nil as compared 
with the capacitances across which they were connected, 
hence they did not disturb the potential relations with- 
in the cable. 

Fig. 8 gives the results obtained from a typical test. 
The voltage, copper to lead and lead to ground, are 
plotted as ordinates with the total voltage from copper 
to ground as abscissas. The ratios between these two 
voltages remained practically constant until the voltage 
from copper to lead reached 22 kv. when there was a 
noticeable unsteadiness in the vibrations of both 
electrostatic instruments. As the applied voltage 
was being increased, the unsteadiness of V; became 
pronounced and at 22.8kv. its reading dropped to 
zero, showing that the insulation between copper and 
lead had ruptured. Simultaneously, the reading of 
V., jumped to that corresponding to line voltage. 
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Fia. 8—RELATION BETWEEN PoTENTIALS—CopPeER TO INTER- 
MEDIATE SHEATH, INTERMEDIATE SHEATH TO GROUND, AND 
CorprEerR TO GROUND 


Full lines—experimental values 
Dotted lines—calculated values 


The voltage was then raised slowly until at 56.5 kv. 
the cable punctured from lead to ground. At the 
instant of breakdown between copper and lead the 
stress at the surface of the conductor was 600 volts per 
mil. Using equation (3), the stress at the diameter 
D/2.72 was 377 volts per mil. The stress at the sur- 
face of the lead when the entire cable broke down at 
56.5 kv. was 308 volts per mil. Three tests similar 
to the above were made, and the cable broke down 
copper to lead at practically this same voltage, the 
voltages being 23.8 kv. and 26.0kv. In the subse- 
quent tests the breakdown voltages from lead to ground 
were much higher than 56.5 kv., the average being 
approximately 70 kv. 

The voltage between copper and lead and that from 
lead to ground were then calculated, using the measured 
values of alternating-current capacitance. The cal- 


3. “Trans. A. 1. E. E., Vol. XX XV (1916), page 133. 
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culated voltages are shown by the dotted lines, Fig. 8. 
It will be noted that the increase of capacitance of the 
inner portion of the cable, which was under high stress, 
over that of the outer portion of the cable, which was 
under only moderate stress, is only of the order of 5 
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Fig. 9—RELATION BETWEEN GRADIENTS THROUGHOUT THE 
Wa.is oF INSULATION AND THE Ratio x«/D 
Breakdown tests of F. Fernie. 


per cent except at the instant of breakdown, when it is 
slightly greater than this. This 5 per cent change in 
capacitance agrees very closely with other measure- 
ments which we have made to determine the change of 
capacitance caused by electrostatic stress. We feel 
that these tests demonstrate that the stress across the 
inner layers of a cable having a large ratio D/d is not 
relieved to any considerable extent by a change of 
capacitance produced by the stress. It also demon- 
strates that for this particular cable, the wall of insula- 
tion within a diameter of D/2.72 adds nothing to the 
dielectric strength of the cable. 


LAW OF BREAKDOWN FOR VALUES OF D/d 
GREATER THAN 2.72 


As was stated earlier in the paper, our object in mak- 
ing these numerous tests was, if possible, to determine 
some relation between the breakdown voltage and 
the stresses within the insulation for large values of 
D/d. 

In an article appearing recently in Beama,‘ F. Fernie 
submits test data showing that several different cables, 
tested by him, all rupture with practically equal 
potential gradients at the outer surface of the insulation. 
The results are tabulated in Table III of his paper. 
The authors have examined this paper very carefully. 
In checking his values of gradient given in the last 
column of Table III, we find several values in error. 
The values of stress calculated by us, using his data, 
are not so nearly equal as his figures indicate. How- 
ever, even then the difference can be readily accounted 
for by the erratic nature of breakdown tests already 
discussed. Even if these cables did break down at 
values of gradient at the outer surface of the insulation 


4. F. Fernie, “Insulation Experiments,’’ Beama, Sept. 1921 
page 244. 
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which were practically equal, we do not feel that it is 
at all rational to consider the breakdown voltage a 
function of dielectric strength of the outer layers where 
the gradient is a minimum. 

Fig. 9 shows the calculated gradient throughout the 
insulation of each cable at the instant of breakdown. 
The gradient is plotted with kv. permm.asordinates and 
values of «/D as abscissas for each cable, where x is 
any diameter within the insulation. With fixed values 
of d and D and homogeneous insulation, the stress at 
each diameter x is inversely proportional to x (Eq. (1) ). 
Therefore, each of these curves is a rectangular hyper- 


bola. That is, the gradient at each point of Curve 1, 
Fig. 9, 
pees (6) 
(x/D) 
and the stress at each point on curve 2 
Ky 
“= @/D) 4 


where K, and Ky, are constants. 
For any given value of «/D 

Si/S2 — K,/K. (8) 
That is, the ratio of ordinates of any two curves for 
each value of x/D is constant for all values of «/D. 
If the gradients at the outer surfaces of the insulation 
of two cables are equal, they will be equal at all values 
of x/D for the two cables. If cables break down for 
equal values of gradient in the outer layers, the gradi- 
ents in the inner layers for each value of x/D, as far as 
a given curve extends, must be equal. 
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Fic. 10—RELATION BETWEEN GRADIENTS THROUGHOUT THE 
WaLus or INSULATION AND THE Ratio +/D ror CABLES IN 
Taste II 


An examination of Fig. 9 shows that the cables 
broke down for nearly equal values of gradient at the 
ratios of x to D between 0.33 and 0.39 which corres- 
pond practically to the critical ratio of D tod of 2.72. 

We find that if the values of gradient at the outer 
surfacesfof our cables No. 1 and No. 2 be plotted as 
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ordinates and d/D as abscissas, in one case a perfectly 
straight line results, and in another the plot is slightly 
curved. We do not feel that this is important, how- 
ever, as it is merely the result of higher gradients exist- 
ing within the inner layers of the cable. 

On analyzing the tests made on the sets of cables 
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Fic. 11—RELATION BETWEEN CoNDUCTOR STRESS AND 
Ratio or INsuLaTION To ConpuctoR DIAMETERS FOR CABLES 
IN TABLES I AND IIT 


No. 1 to No. 8 inclusive, the gradients throughout the 
insulation as ordinates and values of x/D as abscissas 
for each cable were plotted. A typical example for 
set No. 2is shown in Fig. 10. The insulation is assumed 
homogeneous in every case. 
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Fig. 12—RELATION BETWEEN CoNnpucToR STRESS AND 
Ratio oF INSULATION TO CoNpuUCTOR DIAMETERS FOR CABLES 
IN TABLE III 


The upper extremity of each curve is the gradient 
at the conductor surface at the instant of breakdown. 
It will be noted that if a curve be drawn through these 
upper extremities, a curve resembling a rectangular 
hyperbola results. Therefore, if these gradients at 
the conductor surface be plotted with the reciprocal 
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of d/D or D/d as ordinates, the plot should be nearly a 
straight line. 

Fig. 11 shows these plots for the cables in sets No. 1 
and No. 2. It will be noted that the points, particu- 
larly at the larger values of D/d, lie on practically a 
straight line. It should not be expected that every 
point will lie in a smooth curve, as, has already been 
pointed out, dielectric breakdown tests are certain 
to be more or less erratic. Each line, Fig. 11, inter- 
cepts the ordinate D/d = 1.0 at a value of gradient 
only very slightly less than the rupturing gradient 
of the respective dielectric of the set of cables which it 
represents. 

The equation of these lines is obviously 

S = K+ Avs (9) 
where S is the gradient at the surface of the conductor 
at breakdown, K is the intercept on the S-axis, A is 
a constant and x = D/d. 

Fig. 12 gives similar plots for the cables in set No. 3 
having conductors of No. 24 A. W. G. and varying 
walls of insulation. 


GRADIENT-KILOVOLTS PER MM. 
AT CONDUCTOR SURFACE 
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Fic. 13—RELATION BETWEEN CONDUCTOR STRESS AND 
Ratio oF INSULATION AND ConpucTOR DIAMETERS FOR CABLES 
IN EF. Ferniz’s Parer 


Fig. 13 gives similar curves using values obtained 
from F. Fernies’ paper.’ The plot given by these 
points is a straight line within the precision of results 
obtained from any set of breakdown tests. The inter- 
cept on the ordinate D/d = 1.0 gives a value of gradient 
about 0.7 the rupturing gradient of the insulation. 

All the test data which we have available seem to 
indicate that for any given dielectric a straight-line 
law exists between the gradient at the conductor 
surface at breakdown and the ratio of outside to 
conductor diameters (D/d) for values of D/d greater 
than 2.72. However, we feel that further investi- 
gation is needed along this line, before this relation be 
accepted as final. 


STRESSES IN THREE-CONDUCTOR CABLES 


At the present time, there are two common methods 
of calculating the maximum stress in a three-conductor 
cable. . 

- In the first method, which is the one used by most 
engineers until recently, the maximum stress for a 
three-conductor cable was calculated by the same for- 
mula as that used for a single-conductor cable. of the 
5. loe. cit. 
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same size of conductor and having a wall of insulation 
equal to the total wall between the conductors of the 
three-conductor cable. 

The second method is by means of a formula recently 
published in the JOURNAL and PROCEEDINGS of the 
A. I.E. E.6 Here again the stress in a three-conductor 
cable is calculated by the same formula as for a single- 
conductor cable, but the wall of insulation is assumed 
to be equal to the distance between the conductor 
surface and the center of the three-conductor cable. 
A correction factor is involved, dependent upon the 
relation between the conductor insulation and the 
conductor diameter. 

In order to determine which one of these two methods 
of calculating stress in a three-conductor cable was 
the more accurate, a series of breakdown tests was 
made on single- and three-conductor cables. 

The rupturing stress for the insulation should be 
approximately the same with both the single and three- 
conductor cables. 

Of the two foregoing methods, the one which should 
be accepted as standard is the one which gives the 
rupturing stress of the insulation of a three-conductor 
cable more nearly equal to that of a single-conductor 
cable, having the same kind of insulation. 

Tables IV and V give the results of breakdown and 
calculated stresses for single and _ three-conductor 
paper cables. 


TABLE IV. 
Breakdown Tests—6-ft. Samples—No. 6 A. W.G. 
PAPER 
Breakdown dlog. D/d. Max. stress 
Sam- Voltage Method Method 
Cable ple Ne A Old New | Old {| New 
Three-Cond., No. 6 1 15,000] 25,900} 85.6 | 65.2 263 200 
St.—5/64-in. Wall 2 17,600} 30,400 308 235 
—5/64-in. Jacket 3 | 20,400} 35,300 358 272 
Three - Phase — 60 4 15,600} 27,000 274 208 
cycles 5 16,800} 29,100 295 224 
6 | 17,200} 29,800 302 229 
vf 17,600] 30,500 309 235 
8 23,000} 39,800 403 307 
9 18,000} 31,200 316 240 
10 18,800] 32,500 329 251 
Avelrage | 316 | 240 

Three-Cond., No. 6 1 21,400| 37,000) 85.6 | 65.2 375 285 
St.—5/64-in. Wall 2 19,600} 33,900 343 261 
—No Jacket 3 17,600} 30,500 309 235 
Three - Phase — 60 4 | 20,000} 34,600 351 266 
cycles 5 | 15,800} 27,300 277 at! 
6 19,600] 33,900 343 261 
7 18,200/ 31,500 319 243 
Ave|rage 331 252 

Single-Cond., No. 6 i 49,600 80.6 534 

St.—5/32-in. Wall 2 137,200 402 

Single - Phase — 60 3 | 36,800 396 

cycles 4 | 24,800 267 

5 + 31,200 336 

6 | 33,200 357 

7 | 30,000 323 

8 |37,200 402 

9 | 36,000 388 

10 28,000 301 

Ave'rage 371 


6. R.-W. Atkinson, ‘“‘The Dielectric Field in an Electric 
Power Cable,” Trans. A.I. E. E. Vol. XX XVIII (1919), page 971. 
Davis & Simons, ‘Maximum Allowable Working Voltages in 
Cables,’”’ A. I. E. E. Journau, January 1921. 
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Table VI gives the results of breakdown and cal- 
culated stress for single-conductor and three-conductor 
varnished cambric cables. 


TABLE V. 

Breakdown Test, 6.ft. Samples—No. 2 A. W. G. Paper. 

Breakdown dlog D/d Max. stress 
Sam- Voltage Method Method 

Cable ple NM A Old | New | Old New 
Three-Cond., No. 2 1 22,800] 38,600} 99.4 | 77.7 | 338 255 
St.—5/64-in. Wall 2 | 21,600] 37,300 326 241 
—5/64-in. Jacket 3 | 26,800] 46,300 405 300 
Three - Phase — 60 4 18,800} 32,500 284 210 
cycles . 5 21,800} 37,700 330 244 
6 | 31,000} 50,500 432 346 
7 19,200] 33,200 291 215 
8 | 35,000! 60,500 529 391 
9 | 24,600] 42,500 372 275 
10 ‘| 20,600} 35,600 2a tyl 230 
Avelrage 362 271 

Single-Cond., No. 2 1 |31,200 87.3 310 

‘St.—5/32-in. Wall) 2 | 40,800 406 

Single - Phase — 60 3 31,600 314 

cycles 4 | 30,800 306 

5 27,600 274 

6 33,800 336 

7 42,800 426 

8 | 30,400 302 

9 | 28,800 286 

10 | 36,000 358 

Avelrage ! 332 | 


The breakdowns were all made at 60 cycles and by 
raising the voltage at the rate of approximately 1000 
volts per second. The single-conductor cables were 
broken down with single-phase voltage between con- 
ductor and lead and the three-conductor cables with 


TABLE VI. 
Breakdown Tests—6-Ft. Samples—No. 6 A. W. G. 
CAMBRIC 
Breakdown dlog D/d Max. stress 
Sam- Voltage Method Method 
Cable ple Xi A Old | New | Old New 
Three-Cond., No. 6 1 25,000] 43,300} 84.0 | 64.0 448 339 
St.—5/64in. Wall 2 22,000} 38,100 393 298 
—5/64in. Jacket 3 27,000) 46,700 482 366 
Three - Phase — 60 4 25,000} 43,300 447 339 
cycles 5 27,000} 46,700 482 366 
6 24,000} 41,600 430 326 
a 24,000} 41,600 430 326 
8 21,600} 37,400 386 293 
9 23,200! 40,200 415 314 
10 26,000} 45,000 465 353 
Avel|rage 438 | 332 
Three-Cond., No. 6 et 24,600} 42,600} 84.0 | 64.0 440 334 
St.—5/64-in. Wall 2 25,000} 43,300 447 339 
—No Jacket +3 18,800} 32,500 336 255 
Three - Phase — 60 4 30,000} 51,900 537 407 
cycles 5 22,400} 38,800 402 304 
6 24,600} 42,600 440 334 
7 | 28,000} 48,500 502 380 
8 | 22,600} 39.100 404 306 
9 29,000} 50,200 517 393 
10 20,800} 36,000 372 282 
Ave|rage 440 333 
Single-Cond., Na. 6 1 | 47,200 79.0 518 
St.—5/32-in. Wall 2 43,600 480 
Single - Phase — 60 3. | 47,000 516 
cycles 4 | 48,800 537 
5 50,000 550 
6 | 41,600 457 
Avelrage | 510 


three-phase voltage between conductors, the lead sheath 
being grounded and connected to the neutral point of 
the Y-connected transformers. 
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TABLE VII. 

1000-Cycle Capacitance Tests—Paper 

Copper temps, saa. Sere tect 68°F = 20°C 105°F = 40.5°C 148°F = 64.5°C 175°F = 79.5°C 200°F = 93.3°C 
Lead temp.) 4: s.60:-tis : Ree ae 68°F = 20°C 73°R = 25 .5°O 94°F = 34.5°C 105°F = 40.5°C 113°F = 45.0°C 
Copper Nos Layer re aac- 3720 3940 3965 4020 4140 
No. 1 Layer No. 2 Layer........ 2910 2940 3000 3050 3110 
Nord af No. 3 SH ic Lats cee 3770 3875 3840 3870 3900 
No. 3° * No. 4 Oy ee ee 5530 5550 5560 5610 5640 
No.4 “ Lead set eee: 325.4 5560 5590 5590 5840 5900 

TABLE VIII. 

1000-Cycle Capacitance Test—Cambric Sample 
Gopper “6m Dee oc: disrsis oo eeae cere 7 SA Pf I hal @} 99°F = 37.2°C 148°F = 64.5°C 175°R =79.5°C 200°F = 93.3°C 
Lad GOMAD gh Sicko ohntore udder Ogee PARK Voce Ber LOE 80°F = 26.7°C 101°F = 38.3°C 115°F = 46.1°C 121°F = 49.4°C 
Copper INO, i Layer 2 ocean « 3075 3230 3530 3690 3750 
No. 1 Layer No. 2 Se ph craw: 4540 4730 5170 5220 5320 
NO. 2) og No. 3 ies ee 4650 4780 5020 5050 5080 
No.3) & No. 4 a Maar. ate 6310 6450 6730 6850 6850 
INO) 4) -- DOGG p24) ey > es 7300 7450 7770 8000 8030 
TABLE IX. 


Measured Voltages—Grounded Lead Sheath to Layers of Copper Strands 


Paper Cable 


148°F = 64.5°C 


175°F = 79.5°C 


Copper Fem. is icccreees te on onerevae oleae 68°F = 20°C 105°F = 40.5°C 
Lead’ temps ginct.ssavee a:-ererter 68°F = 20°C 78°F = 25.5°C 94°F = 34.5°C 105°F = 40.5°C 
Lead. to’ Coppers. 7.2... 5..6208- 10,000 10,000 10,000 10,000 

CY) Nosd jhayertyteetio.. eb a2 7,900 8,000 8,050 8,110 

os NINO ee ete Memes 5,140 5,200 5,250 5,400 

Pi CUNO ROL s Pee ee creer acre ae 2,980 3,000 3,000 3,100 

i) NOS SGt cease. ee 1,480 1,500 1,490 1,500 

TABLE X. 


Measured Voltages—Grounded Lead Sheath to Layer of Copper Strands 


Cambric Cable 


71°F = 21.7°C 
71°F = 21.7°C 


99°R = 37.2°C 
80°F = 26.7°C 


LGA LOMID 5 0,t.0.ss ctusbeiae sieinletnete 
WGA bO CODDEL.). ar cle siete a ae ste 10,000 10,000 
IN Oo aks LAA VOR Acie peor isuisl Sexneuariets 6,950 7,000 
oe ANG hs Bigs Feber etek eee tn 4,900 5,000 
ae INGE Chk Sec hao atuaeat 2,950 3,000 
co MESS oC: a SIRS, ret ee ee te oes 1,400 1,400 
TABLE XI. 


148°F = 64.5°C 
101°F = 38.3°O 


10,000 
7,100 
5,200 
3,100 
1,450 


Voltage Between Successive Layers—Paper Sample 


ASR PENTR DS scar eral tins ove antaeeon tous 6 <4 68°F = 20.0°C 
Copper INO. don nae oka 2100 2000 1950 1900 1750 
No.1 Layer No. 2 Layer........ 2760 2800 2800 2700 2700 
Ne Sit. | MO;or be) oeske. 2160 2200 2250 2300 2300 
On Sitges NOL 4) pat cee es 1500 1500 1510 1600 1700 
ee, Ae De Re ae ste 1480 1500 1490 1500 1550 
TABLE XII. 
Voltages Between Successive Layers—Cambric Sample 
Oopper temps ce: Joie. Bee sted 71°F = 21.7°C 99°F = 37.2°C 148°F = 64.5°C 175°F = 79.5°C 200°F = 93.3°C 
LOGG POU os winter ecu ais 71°F = 21.7°C 80°F = 26.7°C 101°F = 38.3°C 115°F = 46.1°C 121°F = 49.4°C 
Copper DIO. Ath j side sel ah 3050 3000 2900 2800 
No. 1 Layer No. 2 Layer........ 2050 2000 1900 1800 
No. Bout | olpraer” fick ee 1950 2000 2100 2050— 
Nout) le. Bat Fee vt aac 1550 1600 1650 ~ 1750 
We. 3.5%) Weeds vase 1400 1400 1450 1600 


68°F = 20.0°C 


105°F = 40.5°C 
78°F = 25.5°C 


148°F = 64.5°O 
94°F = 34.5°C 


175°F = 79.5°O 
115°F = 46.1°C 


10,000 
7,200 
5,400 
3,350 
1,600 


200°F = 93.3°C 
113°F = 45.0°C 


10,000 
8,250 
5,550 
3,250 
1,550 


200°F = 93.3°C 
121°F = 49.4°C 


10,000 
7,350 
5,650 
3,500 
1,650 


175°F = 79.5°C 
105°F = 40.5°C 


200°F = 93.3°O 
113°F = 45°C 
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It should be noted that the rupturing stresses of the 
three-conductor cables when calculated by the old 
method are nearly the same as for the single-conductor 


VOLTS PER MIL. 


X=RADIUS 


Fig. 14—Typicat Porenriat-GraDIeNntT CuRVE 


cables, while the stresses calculated by the new method 

are considerably lower. 

EFFECT OF INTERNAL HEATING ON VOLTAGE GRADIENT 
WITHIN CONCENTRIC INSULATION 

The general shape of the potential gradient or stress 
curve for a homogeneous wall of concentric insulation 
ealeulated by the logarithmic formula, equation (1), 
is shown in Fig. 14. 

If the wall of insulation is not homogeneous, but made 
up of multiple layers of insulating materials having 
different dielectric constants, the voltage distribution 
throughout the wall may be calculated by the formula 
Vo=VitVet+Vs+. CA 


oO ZQ 2Q 
ail a log. 71/7 + K, log. 72/71 + K, log. r3/T2 


oes te Sra (10) 


log. Tn/n-1 


K, 


PERCENT CHANGE 


100 120 140 #4«®160 180 # 200 
TEMPERATURE-DEGREES FAHRENHEIT 
Fig. 15—Prer Cent CHANGE OF DIELECTRIC CONSTANT WITH 
CHANGE OF TEMPERATURE FOR INSULATING MATERIALS 


where V, is the total voltage across the wall of insula- 
tion 

Vi, Vo, Vs are the respective voltages across the 

first, second, third layers of insulating material 
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- Q is the electrostatic charge on the surface of each 
layer of insulating material 
K,, Kz, Kz are the respective dielectric constants of 
the layers of insulating material 
r is the radius of the conductor 
11, T2, 13, . . Tn are the radii of the layers of insulating 
material. 


Fie. 16—Low-Capacirance ELECTROSTATIC VOLTMETER 


By employing multiple layers of insulating materials 
with the proper relative values of dielectric constants, 
it is possible to reduce considerably the maximum 
voltage stress at the surface of the conductor and 
increase the stresses in the outer layers of the insulation. 

_This method of insulating cables is commonly 
referred to as “grading” and theoretically results in a 


Fic. 17—Low-Capacirance ELEecrrostatic VoLTMETER 


cable that will withstand a higher impressed voltage 
than a non-graded cable, other factors being equal. 
Several excellent papers? have been published on 
the subject of “grading of cables.” 
7. E. Jona, Trans. of International Elec. Congress, St. Louis, 
1904, page 550. 
A. Russel, London Electrician, Vol. 60, 1907, page 160. 
H. S. Osborne, Trans. A.I. E. E., Vol. 29, 1910, page 1553. 
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An insulated cable carrying current must dissipate 
energy in the form of heat, and the source of this 
energy is the J? R loss in the conductor. The heat flows 
from the conductor to the surrounding medium with 
the result that the conductor is at a much higher tem- 
perature than the outside of the insulation. 


Dia.= 0.901 in 


Dia. = 0.739 in.-Copper Wires 
Dia.= 0.603 in.-Copper Wires 

Dia.= 0.449 in.-Copper Wires 

| Dia.= 0.305 in.-Copper Wires 
Conductor d= 0.231 in 


aon Wall = 0.037in. 
\ \ Wall = 0.067 in. 

\ Wall= 0.072 in. 
Wall = 0.063 in. 


\ 
Wall = 0.076in. 


Fig. 18—Dimensions or No. 4 SrtranpED PapmR-INSULATED 


Stress SAMPLE 


The dielectric constant of insulating materials in- 
creases very considerably with increase of temperature. 

In Fig. 15 there are curves showing the average in- 
crease of dielectric constants with temperature for the 
three most common cable insulating materials. 

Therefore, theoretically, the insulation nearest the 
conductor of a cable carrying current should have a 
higher dielectric constant than the insulation farther 
from the center with the result that the voltage dis- 
tribution throughout the wall of insulation should 
change as the temperature increases. 

The following tests were made to determine whether 
or not the voltage distribution followed the theoretical 
law, and if so, how much change occurred as the tem- 
perature was increased. 

The instrument used for voltage measurements was 
a modification of one described by Prof. C. L. Dawes in 
a discussion on voltage measurements at New York 
in 1916.8 

Figs. 16 and 17 show the general scheme of the volt- 
meter. 

Two silk threads are stretched tightly between two 
supports A A, the proper tension being secured by the 
springs BB. A thin brass plate (P) approximately 
6 by 11 millimeters is cemented at one end to the two 
silk threads half way between the supports. On this 
brass plate is a small mirror for reflecting a beam of 
light. 

In front of the plate P, another brass plate EH is 
fastened, in the center of which is a small hole through 
which a beam of light enters to and leaves from the 
mirror. These two brass plates are connected together 
electrically by a flexible metal filament for one ter- 
minal of the instrument. The other terminal of the 
instrument is a small plate F, secured to the other side 
of the hard-rubber barrier. This barrier acts as a 
dielectric to prevent breakdown between the terminals. 


8. Transactions of A. I. E. E., Vol. XXXV, Part 1, page 133. 
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Because of the inertia and high damping of the 
moving plate, it does not vibrate, as in the original 
instrument, but gives a steady deflection with constant 
voltage. It is immersed in oil to prevent corona and 
brush discharge and also for damping purposes. The 
deflection of the instrument is nearly proportional to 
the square of the voltage impressed between its ter- 
minals and consequently the deflection is always in 
the same direction. 

The capacitance of this instrument between ter- 
minals is extremely small, approximately 0.0000017 
microfarad or 1.7 micro-microfarads. 

At times when the instrument was too sensitive for 
the voltages to be measured, multiplying capacitances 
of either 3.1 micro-microfarads or 12 micro-micro- 
farads were used to keep the deflection within the range 
of the scale. 

Two short samples of single-conductor cable were 
manufactured upon which measurements could be made 
—one sample with paper insulation and one sample 
with varnished cambric insulation. Each sample con- 
sisted of a No. 4. A. W. G. stranded copper conductor 
with a total wall of insulation of approximately 9/32 
in. (7.1 mm.), and a_lead sheath. At four different 
points in the walls of insulation, layers of No. 36 
A. W. G. bare copper strands were spiraled the length 
of the sample between layers of the insulating material. 
Figs. 18 and 19 show the dimensions and locations of 
the copper strands. 

Thermocouples were placed in the conductors and 
in the lead sheaths of both samples so that it was pos- 
sible to know accurately the temperature of each. 

Sixty-cycle alternating current was applied to the 
samples from a current transformer and voltage mea- 
surements were made with an impressed voltage 
between conductor and lead of 10,000 volts. 


The minimum capacitance between successive layers 


of copper strands was 950 micro-microfarads. It is 
Die -0.851:n. 
Dia= 0.715 in.-Copper Wires 
Va / Dia.~ 0.585 in.-Copper Wires 
Dia.= 0.453 in.-Copper Wires 
/ D034 in-Coper Wires 


Conductor d.= 0.231 in 


Fig. 19—Drwensions or No. 4 StrRaANDED CAMBRIC-INSULATED 
Stress SAMPLE 


evident that because of its small capacitance the electro- 
static voltmeter already described could be used to 
measure voltages between layers of copper strands. 
without disturbing the voltage distribution thro 

the wall of insulation. ” [ 


The voltage measurements were so made that’ one 


June 1922 


side of the voltmeter was constantly at ground poten- 
tial. 

Tables VII and VIII show the results of 1000-cycle 
capacitance tests made on the samples at the various 
temperatures. 


peratures Degrees F ‘ahrenheit 
Copper 
68 Deg. 
| 105 Deg} | 
+1148 Deg.—— 
{175 Deg. 
1200 Deg. 


| 


STRESS-VOLTS PER MIL 


poole 68 & 105 Deg’ 
[148 Deg. 


100 150. 200. 250 300 +350 
30 TANCE FROM SURFACE OF CONDUCTOR-MILS 


Fig. 20—Errect or Copper TEMPERATURE ON POTENTIAL 


GRADIENT OF Paper CABLE 


Four-stranded 0.295-in. wall impregnated paper 
Temperature in degrees fahrenheit 


The increase of capacitance for the paper cable is 
small, being only 11.3 per cent for the wall of insulation 
nearest the conductor and 6.1 per cent for the wall far- 
thest from the conductor. The capacitance measure- 
ments indicate that any change in voltage distribution 
with increase of internal temperature is small, and, 
except in cases where the insulation is working very 
close to the breakdown stress of the material, the 
decrease of maximum stress is of very small value. 

The actual voltage distribution through the wall 
insulation cannot be calculated from low-voltage 
capacitance measurements because the capacitance of 
insulating material under high-voltage stress is some- 
what higher than when the stress is practically zero 
as has already been pointed out. 

Table IX and Table X show the voltage as measured 
between the grounded lead sheath, and the layers of 
copper strands. 

Tables XI and XII show the voltages between suc- 
cessive layers of copper strands as calculated from the 
data in Tables IX and X. 

Figs. 20 and 21 show the potential oradices curves 
plotted from the data in Tables XI and XII. The 
curve for each copper temperature is indicated and the 
corresponding lead cise is 2 ee in the accom- 


panying chart. 


POTENTIAL GRADIENT IN CABLES 


581 


The first tests were made after the samples had been 
kept in the laboratory for several days so that the total 
wall of insulation was at room temperature. The po- 
tential gradient curves for these temperatures aresmooth 
and continuous, the maximum stress on each layer 
being the same as the minimum stress on the preceding 
layer. This might be considered a good check on 
the accuracy of the apparatus used. 

While both the paper and varnished cables show a 
decrease of maximum stress with an increase of internal 
temperature, there is quite a marked difference in the 
two sets of curves. 

The most marked change of stresses in the cambric 
cable is between the second and third layers, while 
the change for the paper cable comes much nearer the 
conductor, between the first and second layers. There 
is no apparent reason for this, except possibly a differ- 
ence in thermal resistivity. Some difference between 
the results obtained with the paper cable and those 
obtained with the cambric cable might be expected. 
This is due to a change in the physical state of the im- 
pregnating compound used in the paper cable with a 
rise of temperature, while the physical state of the 
insulating material of the cambric cable remains prac- 
tically constant. 
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Fig. 21—Errect or Copper TEMPERATURE ON POTENTIAL 


GRADIENT OF CamBRIC CABLE 
Four-stranded 0.270-in. wall varnished cambric 
Temperature in degrees fahrenheit 


The maximum voltage that can be safely impressed 
across a wall of insulation depends upon the dielectric 
strength of the insulating material. The factor of 
safety for an operating cable is the ratio of the dielectric 
strength of the insulating material to the maximum 
stress produced by the working voltage. Either an 
increase in the dielectric strength or decrease in the 
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maximum stress results in an increase of the factor of 
safety. 
Dielectric Strength 


Factor of Safety = Maximum Stress 


If both the dielectric strength and the maximum 
stress of a cable be changed the effect on the factor of 
safety would be the ratio of change of dielectric strength 
to the change of maximum stress. 


a Ee la 


| 
+10 i 


fety 


PER CENT CHANGE 
° 


Stress (Maximum) 


-20 == & 
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120 140 160 180 
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Fig. 22—Errect or DieLectric STRENGTH AND DIELECTRIC 
STRESS ON THE Factor or SAFETY OF PAPER CABLES 
Per cent change in maximum stress vs. conductor temperature 
Per cent change in dielectric strength vs. temperature 
Per cent change in factor of safety vs. conductor temperature 
Paper-insulated cable 


Fig. 22 shows the per cent change in maximum stress 
for the paper cables as the temperature of the cable is 
increased. There is also shown the per cent changes 
in dielectric strength with temperature change for 
impregnated paper insulation as determined from 
many breakdown tests. The ratio of the changes in 
dielectric strength to the changes in dielectric stress is 
plotted to show the changes in the factor of safety. 

Fig. 23 shows the dielectric strength, the maximum 
stress and the factor of safety curves for the cambric 
cable. 

It is interesting to note: that the factor of safety 
for these paper cables is 4 per cent higher at 185 degrees 
fahrenheit, the A. I. E. E. temperature limit, than it was 
at normal temperature at 68 degrees fahrenheit. 

In studying and discussing the curves and data of 
this paper, it should be borne in mind that these results 
are only an indication of what happens in the dielectric 
because of the internal heat generated at the conductor. 
The quantitative values would be affected consider- 
ably by the conditions under which the cable is working, 
probably mostly by the relative copper and lead tem- 

peratures. 

CONCLUSIONS 


The experimental evidence given indicates that: 

1. For values of D/d equal to or less than 2.72, 
the potential gradient within a wall of insulation follows 
the simple logarithmic formula. The maximum stress 
may be caleulated by the formula 


0.868 V 
fe at tte EE 
d logio ad? 
rE 
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2. For values of D/d greater than 2.72, the layers 
of insulation adjacent to the conductor can be sub- 
jected to stresses far in excess of those which the insu- 
lation can normally withstand and yet complete rup- 
ture does not occur. 

The following modified formula can be safely used 
to determine the breakdown stress for small conductors 
with a heavy wall of insulation 

0.868 V 
iS = 

d, log io 


c 


D 
where d, = 2.72 

3. The stress across the inner layers of a cable hav- 
ing a large ratio D/d is not relieved to any considerable 
extent by achange of capacitance produced by the stress. 

4. Breakdown tests of a special cable with an inter- 
mediate sheath at the point D/2.72 indicate that the 
insulation within the diameter D/2.72 adds nothing 
to the dielectric strength of the cable. 

5. For values of D/d greater than 2.72, our data 
indicate that for any given dielectric, a straight-line 
law exists between the gradient at the conductor 
surface at breakdown and the ratio D/d. 

6. Results of the large number of breakdown tests 
which are given show that in calculating the maximum 
stress in three-conductor cables the wall of insulation 
should be assumed equal to the total insulation between 
conductors rather than between conductors and the 
center of the cable, the delta voltage being used in the 
computation. 
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Fig. 23—Hrrect or Diniectric StreNGTH AND DIELECTRIC 
Srress ON THE Factor oF SAFETY OF CAMBRIC CABLES 


Per cent change in maximum stress vs. conductor temperature 

Per cent change in dielectric strength vs. temperature 

Per cent change in factor of safety vs. conductor temperature 
Varnished cambric-insulated cable 


7. Heat generated at the conductor of an insulated 
cable causes only a small change of capacitance of the 
insulation nearest the conductor and consequently 
only a slight “grading” of the cable. No dependence 
should be put upon the difference of temperature be- 
tween conductor and outside of the cable to auto- 
matically grade the insulation. 


Discussion —| mp 
For discussion of this paper see page 611. | 


Corona in Air Spaces in a Dielectric 
BY J. E. SHRADER 


= Associate, A. I. E. E. 
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Review of the Subject.—The consideration of the extreme 
care necessary in preparing samples of a dielectric for test for elec- 
trical properties led to the investigation of the effect of air spaces, 
purposely formed of definite thickness and location, upon the power 
factor. This work in a way is an extension of some work done 
by Clark and Shanklin and Shanklin and Matson several years 
ago on air spaces in high voltage cables. and wrapped armature 
coils. In their investigation the effect of assumed air spaces of 
indefinite thickness, extent, pressure and location was shown by 


plotting effective resistance from the formula R = against 


potential gradient. A characteristic curve was obtained, a sharp 
inflection point in the curve being interpreted as indicating the 
starting point of corona. 


In the work by the writer, various materials were investigated 
both with air spaces excluded as much as possible, and with air 
spaces of definite thickness, extent, and location at atmospheric 
pressure. The results were plotted showing variation of power 
factor with potential gradient. A definite increase in power factor 
with potential gradient indicated the starting of corona. The 
thicker air space with a given thickness of dielectric showed the 
more abrupt change in power factor, and this took place at a lower 
potential gradient. By plotting power factor against voltage, a 
maximum was shown indicating that a saturation of ionization 
was approached which resulted in a decrease in power factor. 


\\ 7 HEN measuring dielectric losses and power 
factor of insulating materials, it is of great 
importance that air should be excluded from 

the surfaces of contact with the electrodes and from 
the interior of the material. At low stresses, the losses 
and power factor are found to be lower than they should 
be because of the highly insulating air space. Like- 
wise, the effective area of the material is smaller and 
consequently the measurements of the _ electrical 
properties are incorrect. At higher stresses, the gas 
spaces become ionized and corona formation results 
with the attendant increase in losses and power factor. 


The phenomenon of corona formation in connection 
with loss measurements in high voltage cables and arma- 
ture coils was observed by Clark and Shanklin! and was 
further studied by Shanklin and Matson’. In high- 
voltage cables and armature coils, air spaces no doubt 
exist which result in corona formation when over- 
stressed. 

In the case of materials built up in the form of cables 
and coils, it is practically useless to speculate from 
loss measurements as to the thickness or extent of the 
air space, its pressure and location. No assumption 

1. Clark and Shanklin, A. I. E. E. Trans. Vol. XXXVI, 
1917, p. 447. 

2. Clark and Matson, A. I. E. E. Trans. Vol. XX XVIII, 
1919, p. 489. 

Presented at the Annual Convention of the A. I. E. E. 
Niagara Falls, Ont., June 26-30, 1922. 


By plotting effective resistance assuming the resistance to be in 


SATS ; . : Ww 
series with the dielectric and to be given by the formula R' = Te a 


very definite change in R as well as in power factor indicated the 
beginning of corona. The curve obtained in this way did not 
possess superior advantages over the plot for power factor for indi- 
cating corona and had the disadvantage.that the points were some- 
what scattered on the upper range of potential gradient. 

The results of the investigation show that: 

1. It is extremely difficult to exclude air spaces from a dielectric 
so that it does.not result in corona formation. Corona is shown 
by a more or less abrupt change in power factor with potential 
gradient. 

2. The abruptness of the change in power factor with potential 
gradient depends upon the thickness of the air space, the thicker 
the air space the more abrupt the change. 

3. The thicker the air space for any given thickness of dielectric 
the lower the potential gradient to produce corona. 

4. The potential gradient to produce corona not only depends 
upon the thickness of the air space but also upon the extent of the 
air space as shown by observations on different areas of air space 
of the same thickness. 

5. A maximum of power factor is reached with potential 
gradient indicating that saturation of ionization is approached 
after which the value of power factor decreases with potential 
gradient. 


can safely be made even as to the partial pressures 
due to entrapped air and the vapors from the materials 
themselves. 


It has been recognized that when an insulating space 
is filled with a composite dielectric such as a solid 
material and air having quite different dielectric con- 
stants the result is that the dielectric strength of the 
combination is lower than either one separately. For 
instance, when air which is a good dielectric and mica 
which is an excellent dielectric are used in combination, 
the result is a poorer dielectric than either used sepa- . 
rately. This is due to the fact that an increased number 
of lines of force are concentrated in the air space which 
has the lower permittivity and this results in breakdown 
which throws a greatly increased stress upon the mica. 


Air in a dielectric in the form of a cable, a wrapped 
armature coil or test piece with specially applied 
electrodes, may exist in two ways. Hither, it may be 
in the form of an air film or bubble between layers or 
between the dielectric and the conductor, or it may be 
in the form of occluded gases in the interstices of the 
material. Both no doubt, produce losses at high- 
voltage stresses, though it is generally believed that 
air in films or bubbles gives rise to the greater part of 
the losses. It is impossible to separate the effect of 
occluded gases since the gases cannot be eliminated 
except by heat and vacuum, nor can they be excluded 
except by filling the spaces by some impregnating 
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compound. By this process, however, the dielectric 
properties of the original sample are changed. 

Though it is a difficult problem to study the effect 
of occluded gases on the losses of a dielectric material, 
the effect of various air spaces, which is by far the 
greater source of losses, may be studied by actually 
testing materials in which definite spaces are made 
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and in which their locations are definitely established. 
It must be understood that the effect of occluded gases 
is also included in this effect, though in comparison 
with the former, it may be considered practically 
negligible. 

The samples of instlation tested in connection with 
the effect of air spaces in this investigation, were 
all in the sheet form. In all cases except for glass, the 
surface of the material was made plane by fastening 
to an accurately plane brass disk. In the case of glass, 
the plane plate was floated upon mercury, the precaution 
being taken to free as nearly as possible any entrapped 
air from the under surface. The top electrode applied 
to the sample was so made that it could be adjusted 
for any desired air space between it and the specimen. 
This is shown in Fig. 1. The electrode A was a brass 
disk 7. 5 em. in diameter with carefully rounded edges 
and polished surface. This was fitted with three arms 
a, a, a, through the outer ends of which passed three 
insulating quartz rods which formed a tripod support 
for the electrode. The quartz rods extended well out 
from the edge of the disk so that the insulating support 
was far removed from the electric field, since it is very 
essential that no dielectric having a different permit- 
tivity should be introduced in the air space in an electric 
field. 

The air spaces of uniform thickness were formed 
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between the upper disk and the dielectric by adjusting 
the quartz rods with spacers. The rods were then 
clamped in place by tightening the screws in the arms 
provided for that purpose, as shown in the diagram. 

The loss measurements from which the power factor 
was determined were made with a sensitive electro- 
static wattmeter. The current was measured by a 
sensitive electrometer shunted across a part of the 
non-inductive resistance of the wattmeter. The testing 
transformer was of 5 kw. capacity and the voltage was 
known to have a good sine wave. The voltage was 
varied by potential taps from the secondary of the 
transformer except where readings were desired at 
voltages between these steps. In this case, the voltage 
from the next step to the transformer, was varied by 
applying voltages to the primary by a potentiometer 
arrangement. The current in the potentiometer was 
quite large so that wave distortion was not introduced. 
Alternating voltages of 60 cycles were used throughout 
this investigation. 

When materials with air spaces were tested, the po- 
tential gradient was increased to a point where there 
was a quite abrupt change in the losses and the current. 
The abruptness of this change was dependent upon the 
thickness and extent of the air space. Graphically 
the formation of corona is very clearly indicated by 
plotting power factor which involves both watts loss 
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Fig. 2—Corona IN Air SPACES 


60 Cycles 
White India mica, 0,026 cm. thick. 
Variation of power factor with pressure on specimen. 


and current against potential gradient. The poten- 
tial gradient was taken as volts per centimeter between 
the plates. For all materials having appreciable 
air spaces the power factor is low before corona forms, 
after which it rises rapidly to a maximum and then 
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again decreases with potential gradient, the sharpness of 
the fall depending upon the thickness of the air space. 

A number of materials were tested with variations 
of air spaces and the results are shown by the following 
curves. 

A sheet of White India mica about 11 em. in diameter 
and 0.023 em. thick, was selected for test. The 
specimen was clear and fairly free from air spaces 
between laminations. It was first tested by placing 
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Fig. 3—Corona IN AIR SPACES 


60 Cycles 
White India mica, 0.026 cm. thick. 


the mica upon the brass plate and then laying the other 
electrode on the top surface. The tests were then 
repeated placing different weights upon the upper 
electrode. - The variation of power factor with poten- 
tial gradient for various pressures from zero where the 
weight of the electrode was just supported by the quartz 
rods to 196 grams per square centimeter are shown 
in Fig. 1. In these curves, the thickness of the air 
spaces were not known, though it can be presumed that 
they decreased with pressure. Curve 5 was obtained 
by raising the upper electrode a distance of 0.007 cm. 
above the mica. In each of these cases, there was an 
air space on each side of the mica presumably of equal 
thickness except for the last where the greater air space 
was on the upper side. In general, the power factor 
at low voltage was always greater for the greater 
pressure or thinner air space. Likewise, the potential 
gradient to produce corona was lower for the smaller 
pressure or thinner air space. 

The change in power factor with potential gradient 
was more gradual the thinner the air space. With a 
thicker air space, 0.007 em., the change in power factor 
was quite abrupt. It is also observed that in all these 
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curves a maximum power factor was reached, after 
which the power factor decreased in value. In this 
test, the specimen of mica was not perfectly flat so that 
the air spaces were not of uniform thickness. A test 
for power factor was now made with mercury electrodes 
care being taken to eliminate as far as possible any 
air films. The result is shown by Curve 1, Fig. 3. 
It is to be observed that the increase in power factor 
did not take place until a value of 40 to 45 kilovolts per 
centimeter was reached. At that point, the increase 
was not great but the curve clearly gives evidence 
of an air film either at the surfaces of contact or between 
laminations. The sample was now fastened to the 
lower plate by melting a layer of ceresinuponitand pres- 
sing the mica upon it by a one half-ton press. Small air 
spaces were still clearly shown in the surface of con- 
tact even though the whole had been heated for some 
time at about 100 deg. cent. and had been pressed 
as, stated. This fact illustrates how difficult it is to 
free a test piece from air spaces. The result of the 
test with mercury contact on the top surface is shown 
in curve 2. The abrupt change in power factor now 
occurred at a lower value, about 30 volts per cm. A 
flat-topped maximum was quickly reached after which 
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Fig. 4—Corona IN Arr SPACES 


60 Cycles 
Ceresin wax layer, 0.025 cm. thick 


the power factor decreased. For an air space of 0.018 
em. the corona started at 22 kv. per cm. and a sharp 
maximum of 30 per cent power factor was reached at 
27 kv. per cm. With a 0.026-cm. air space, corona 
started at about 19 kv. per cm. and a sharp maximum 
was reached at 26 kv. per cm. The maximum for this 
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greater air space was not so great as for the 0.018-cm. 
air space, which is somewhat contrary to what was gen- 
erally found. This may have been caused by a change 
in surface conditions: due to the previous application 
of voltage. 

In Fig. 4, are shown the results for a ceresin wax 
layer 0.025 em. thick. Curve 1 was obtained by melting 
the ceresin wax in vacuo in a shallow plane-bottom 
tray and lowering upon it in vacuo the upper electrodé 
adjusted for the desired thickness. The vacuum was 
then released and the specimen was allowed to cool. In 
this way, it was thought that the sample was completely 
rid of moisture and that air spaces were not included. 
The results of tests are shown in Curve 1. The curve 
shows only a very slight uniform rise of power factor 
up to 140 kv. per em. Another layer melted in vacuo 
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Fic. 5—Corona In Air SPACES 
60 Cycles 
Ceresin wax layer, 0.041 cm. thick. 


_was prepared in the shallow tray and was placed upon 
a level surface and allowed to solidify. In this way a 


smooth layer of uniform thickness was obtained. . 


Curve 2 was obtained by laying the upper electrode 
loosely upon the layer of wax. Curves 3, 4 and 5 
were obtained with air spaces 0.005, 0.009 and 0.015 cm. 
thick, respectively. As shown by these curves corona 
formed at lower potential gradients for the thicker 
air spaces. Likewise, for the thicker air space, the 
maximum value of power factor was greater, as one 
would expect if the greater loss took place in the air 
space. 

In Fig. 5 are shown the results of tests for a thicker 
layer of wax (0.041 cm.) prepared in the same manner 


SHRADER: CORONA IN AIR SPACES IN A DIELECTRIC 


Transactions A. I. E. E. 


14 


PER CENT POWER FACTOR 


LL Altai cel ea dal 

aa!) ESSER 
cae pee eee 
| ost | ontact Rhmed in Vacua 


ple | 
0 et) 2p ee ei 
12 a 36 48 60 72 84 
POTENTIAL GRADIENT IN KV. PER CM. 


Fic. 6—Corona IN Arr SPACES 


cles 
Ceresin wax layer, 0.056 cm. thick, 


as above. The results are much the same as in the 
previous test except that for the thicker layer corona 
took place at a lower potential gradient and the values 
of the maxima were slightly lower. Fig. 6 shows re- 
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Fie. 7—Corona In Arr SPAcEs 
60 Cycles 
Three sheets condenser paper impregnated with ceresin in vacuo 
Total thickness, 0.006 cm. 
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sults for a still thicker layer of wax (0.056 cm.). For 
this thicker layer the potential gradients for corona 
formation were at still lower values, but the maxima 
of power factor were lower. Further, with this thicker 
layer of wax, there is a greater variation in the maxima 
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; 60 Cycles 
Six sheets condenser paper impregnated with ceresin in yacuo. 
Total thickness, 0.12 cm. 


of power factor for the different thicknesses of air 
spaces. 

In Fig. 7 are shown the results for condenser paper 
impregnated in ceresin. Curve 1 was obtained by 
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Fic. 9—Corona IN Arr SPACES 


60 Cycles 
Glass plate, 0.140 cm. thick. 


drying and impregnating and placing the upper elec- 
trode on the material in vacuo. In this way all mois- 
ture and air should have been completely removed. 
The curve shows that the power factor is independent 
of potential gradient. Curve 2 was obtained by plac- 
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ing the upper electrode loosely upon the impregnated 
condenser paper. Curve 3 was obtained with the 
same specimen with a 0.013-cm. air space between the 
impregnated paper and the upper electrode. 
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Fig. 10—Corona In Air SPACES 


60 Cycles 
Treated cloth, 0.023 cm. thick. 


The curves in Fig. 8 were obtained in the same way 
as above, with six sheets of condenser paper prepared 
in the same way. The curves 3 and 4 for air spaces 
of 0.013 cm. and 0.026 cm. show the same character- 
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Fie. 11—Corona In Air SPACES 


60 Cycles 
Treated cloth, 0.023 cm. thick, two layers. 
Air spaces between layers. 
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istics, the curve for the thicker air space showing corona 
at a lower potential gradient but both having about 
the same maximum value of power factor. 

Fig. 9 shows the curves obtained with a glass plate 
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0.140.em. thick. All the curves were obtained with the 
plate floated upon mercury with especial care taken to 
exclude as far as possible any air films on the bottom 
surface. Curve 1 for mercury contact also on the top 
surface shows slight corona formation at 21 kv. per cm. 
Curve 2 for loose plate contact shows corona at a lower 
value, about 12 kv. per em. Withair spaces of 0.013 
and 0.026 cm., corona was shown at about 11 kv. per cm. 
The difference between the values of potential 
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Fig. 12—Corona 1n Arr SPACES 


60 Cycles 
Manila paper, 15 cm. square, impregnated with petroleum jelly. 
Thickness, 0:021 cm. 
1—-One-layer paper, close contact. 
2—One-layer paper, 0.013-cm. air space. 
3—One-layer paper, 0.026-cm. air space. 
4—One-layer paper covered with second layer having 7.7-cm. hole. 


gradient to produce corona was small because of the 
thinness of the air space in comparison with the thick- 
ness of the glass plate. 

Fig. 10 shows the results for treated cloth 0.023 cm. 
thick. The cloth and plate were given a very thin 
coat of varnish and pressed together and placed in an 
oven at 100 deg. for two hours. At the-end of this 
time, they were placed under a one half-ton press and al- 
lowed to cool. By this treatment, the varnish was 
not completely dried as shown at the end of the experi- 
ment. Curve 1, obtained with mercury contact on 
the upper surface, shows a minimum of power factor 
with potential gradient followed by a maximum after 
the beginning of corona. Curve 2, for loose contact, 
shows only a slight minimum if any but a much greater 
maximum. Curves 3 and 4 show a very abrupt change 
in power factor at about 25 and 28 kv. per cm. respec- 
tively. With these curves as with others, the falling 
off of power factor with potential gradient after the 
maximum was reached was more rapid with the thicker 
air space. In these curves where the power factor 
is larger at low voltages, the effect of air spaces in 
lowering the power factor before corona forms is more 
clearly shown. 
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Fig. 11 shows the results for two layers of treated 
cloth each rubbed with a slight amount of vaseline 
and each pressed tightly to a surface of each plate. 
The sample was not heat-treated in any way. Curve 1 
was obtained by laying one plate upon the other with 
the surfaces of the two sheets of treated cloth in loose 
contact. Curves 2 and 38 were obtained with air 
spaces of 0.013 and 0.026 cm. between sheets respec- 
tively. These curves are less in agreement with the 
general types of curves previously obtained, due, 
no doubt to change in condition of the specimen during 
continued application of voltage. 

Fig. 12 shows the results for manilla paper 0.021 cm. 
thick, vacuum dried, and impregnated with petroleum 
jelly. This material was supplied through the courtesy 
of the Habirshaw Electric Cable Co. Curve 1 was 
obtained with one sheet of paper. The excess of petro- 
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Fig. 13—Corona in Air Spaces 
60 Cycles 

Manila paper impregnated with petroleum jelly. 
Thickness, 0.021 cm. 
1—Three layers of paper. 
2—Three layers of paper, middle layer perforated with 7.7-cm. hole. 
3—Three layers of paper, middle layer perforated with one 0.58-cm. hole. 
4—Three layers of paper, middle layer perforated with five 0.58-cm. 

holes located at the corners and center of a 6-cm. square. 
5—Three layers of paper, middle layer perforated with fifty-one 0.58-cm. 

holes arranged at the corners of 1.4-cm. squares. 


leum jelly was removed and air bubbles were excluded 
and pressure was applied to secure close contact. The 
curve shows that the power factor was practically 
independent of voltage. At slightly higher potential 
gradient, breakdown occurred but there was no notice- 
able corona formation up to that point. Curves 2 
and 3 were obtained with air spaces of 0.013 and 0.026 
em. respectively. The potential gradient was not 
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raised to the point where a maximum power factor 
was obtained, but the curves show a corona formation 
for the thicker air space at a lower potential gradient. 
Curve 4 was obtained by placing upon the lower sheet 
of paper a second sheet having a hole 7.7 cm. in diameter. 
Upon this second sheet was placed symmetrically a 
brass disc about 10 cm. in diameter. In this way a 
confined air space 0.021 cm. thick was formed. The 
characteristics of this curve are not different from what 
had been obtained with the unconfined air space. 

The curves in Fig. 13 were also obtained with the 
manilla paper impregnated with petroleum jelly. 
Curve 1 was for three layers closely pressed together 
by a one half-ton press. The curve shows that all air 
spaces were not eliminated. Curve 12 shows the results 
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Fic. 14—Corona IN AIR SPACES 


60 Cycles 
Manila paper impregnated with petroleum jelly. 
Two layers of paper, one perforated with hole 7.7 cm. in diameter. 


for a 7.7-cm. hole in the central part of the middle sheet. 
Curve 38 is for a hole 0.58 em. in diameter in the middle 
sheet. The curve shows but slight difference to that 
for the three whole layers, indicating that the 
air spaces in the latter were comparable in effect with 
the air space intentionally formed. Curve 4 was ob- 
tained with five holes of the same size grouped near 
the center of the space beneath the upper electrode. 
Curve 5 was obtained with fifty-one holes of the same 
size laid out in regular pattern in the middle 
sheet between the electrodes. This curve does not 
differ greatly from Curve 2 for one large hole 7.7 cm. 
in diameter. In all these curves for the same thickness 
of dielectric, corona formation is indicated at the 
lower voltage for the greater area assuming the thick- 
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ness of air space the same. Curve 5 which was carried 
to a higher potential gradient than Curve 2 shows a 
marked increase in power factor above 46 kv. per cm. 
This may have been due to heating as the voltage was 
in the neighborhood of breakdown. 

In the work referred to by Clark and Shanklin! 
they plotted effective resistance considered in parallel 
with the dielectric against potential gradient where 
they defined effective resistance by the expression 

2 


E 
Ru = W where F is the potential in volts and W is 


thewattsloss. Theseinvestigatorsstate that the charac- 
teristic form of curve is hard to obtain because of the 
exactness with which EH is obtained, the square of which 
appears in the formula. If it is assumed that the 
effective resistance is in series with the test sample and 
the value of this quantity is obtained by the expression 


ae where W is the loss and J is the current 
much more definite curves may be obtained though 
they are quite different. As an example, the 
data from which Curve 4, Fig. 12 was obtained were 
used to calculate the effective resistance by the two 
formulas. These are shown in curves aand b, Fig. 14. 
It is shown that the characteristic curve obtained by 
Clark and Shanklin, indicated by the dotted curve, 
is not obtained though no great trouble was taken to 
obtain very accurate values of E. This curve, however, 
is as near the form of the characteristic curve obtained 
by Clark and Shanklin as any which have been plotted 
by the writer. Curve b calculated by the formula 


Rey ceS 


aie is quite definite and shows quite sharply 
the starting point of corona. Further the points below 
the starting point of corona are quite definite in com- 
parison to those for the same data plotted in curve a. 
The points in the upper range of the Curve b, on the 
other hand, are not as definite as those in Curve a. 
The points in Curve a by the formula probably are 
indefinite more on the account of inaccuracy in the 
measurement of W than of E, since at low-potential 
gradients the losses are quite small and a large per 
cent of error may be made in measuring a very small 
quantity. Because the points are definitely deter- 
mined for power factor, over the whole range of poten- 
tial gradient, and since this plotting shows definitely 
the starting point of corona, the writer in this investi- 
gation chose this method of plotting results to show 
the starting point of corona caused by the ionization 
of air spaces in a dielectric. 

In this paper so far, as well as in the paper by Clark 
and Shanklin, no attempt has been made to analyze the 
mechanism of the phenomena observed. No doubt 
the mathematical relations of the quantities involved 


Rey = 
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could be worked out but that is outside the scope of 
the present paper. Physically, the relations shown 
in this paper may be expressed as follows: For any 
combination of air and adielectric tested at low voltage, 
the losses should be in the dielectric, since the number 
of free ions in the air are small compared to the number 
in the dielectric. The losses in a good dielectric such 
as those used in these experiments should be in the 
nature of hysteresis losses rather than true ohmic 
losses, and would best be represented as a resistance 
in series with the dielectric. As the potential gradient 
is raised the free ions in the air space, though few in 
number at the start, soon acquire sufficient velocity 
to ionize other gas molecules in their path by the pro- 
cess known as ionization by collision. In this way, 
the ionized gas molecules are greatly multiplied until 
a point is reached where the characteristic discharge 
known as corona takes place. At this point the greater 
proportion of the losses occur in the air space and a 
large increase in current and losses are observed, the 
relation being such as to greatly increase the power 
factor. As the potential gradient is increased more 
ionization due to the increased velocity results and this 
produces greater losses and greater power factor. 
However, a point is reached in potential gradient where 
the greater proportion of gas is ionized so that further 
increase in potential gradient does not produce a corres- 
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ponding increase in ionization. At this point then 
the change in the rate of increase of losses decreases 
and a lowering of the power factor is observed. Ac- 
cording to this theory then these changes should be 
more pronounced with the thicker air space since the 
rate of multiplication of the ions is proportional to 
the distance they travel in the air space. This is in 
agreement with the observed results. With a thin 
air space, the free ions do not acquire asufficient velocity 
to produce other ions in their path, hence corona is 
not observed at as low a potential gradient as for a 
thicker air space. Hence for a thin air space a higher 
potential corresponding to a higher velocity of the ions 
is necessary for corona formation, as has been shown 
in this investigation. 

It is realized that the scope of this work may be 
extended and application be made to practical problems 
in which something is known of the actual conditions 
existing. Only the simplest conditions have here been 
considered, for it has. been realized that the subject 
of losses in insulating materials is sufficiently complex 
under these conditions and that the introduction of 
many variables which may be eliminated only intro- 
duces confusion and speculation. 


Discussion : 
For discussion of this paper see page 611. 
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Review of the Subject.—In studying the subject of dielectric 
loss in electric cables the author has become convinced that the 
moisture content of the dielectric is the dominant factor determining 
the a-c. resistance. Evershead’s explanation of the action of 
moisture in a fibrous dielectric seems plausible but leads to the 
conclusion that moisture causes a decrease of a-c. resistance with 
increasing voltage, whereas the experience of the author is that 
with a fairly well dried dielectric a-c. resistance is independent 
of voltage, and that decreasing the moisture content still further 
gives higher and higher a-c. resistance, with no limit in sight. It 
seems obvious, therefore, that Evershead has not fully covered the 
subject. In order to get a picture of the action of moisture in a 
dielectric field the author has assumed a stmply hypothetical case 
and tried to follow tt to its logical conclusions. He assumed a pure 
dielectric of a homogeneous and plastic nature between parallel 
electrodes and subject to electric stress. He then mentally placed 
a very small globule of conducting moisture in the dielectric and 
watched the action. Under constant potential stress the moisture 
elongated into a thread-like filament until it bridged the dielectric. 
But under alternating stress the moisture globule, if sufficiently 
small stretched out only a short distance and then no further, no 
matter how high the voltage. This showed how the a-c. resistance 
could be independent of the voltage and yet depend upon moisture. 


Following up the analysis the author was surprised to find that 
such a dielectric, containing particles of moisture would show 
absorption and residual charge and many other characteristics 
of actual insulation. He also found that certain unusual test data, 
obtained while testing cables, could be explained as due to a breaking 
up of the moisture filaments by evaporation. The author does not 
claim that the paper that follows meets the complexity of actual 
insulation, but rather that it adds to our conception of the importance 
of moisture tn its effect upon a dielectric field. 
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HE phenomena observed when investigating and 

testing insulation can be classified into two groups. 

The first of these groups would comprise all the 
phenomena that a perfect insulator or pure dielectric 
would have. The second group would comprise all 
the phenomena of imperfection, such as leakage, dielec- 
tric loss, etc. In an attempt to account for the ob- 
served phenomena of this second group, it seemed advis- 
able first to study a simple hypothetical case and to 
trace out the phenomena that might in that case be 
expected. 

The case chosen was that of a pure dielectric between 
parallel plate electrodes and containing, embedded in 
it, minute particles of conducting moisture. The case 
was considered both with constant potential and alter- 
nating potential across the electrodes and with varia- 
tions of voltage, temperature and frequency. 

It is not claimed that the analysis that follows is 
complete, as a complete mathematical treatment would 
be extremely complex. The analysis shows, however, 
that a dielectric with many particles of moisture em- 
_bedded would have all the characteristic phenomena 
actually found in insulation. The inference is, there- 
fore, that all of these phenomena, of the second group, 
can be explained as due to the presence of moisture in 
the insulation. 


CONSTANT POTENTIAL FIELD 
Consider first the forces that would act upon any 
single one of many particles of conducting moisture 
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in a dielectric field with constant potential across the 
electrodes. Obviously if such a particle elongated 
into a filament of moisture, stretching in the direction 
of the dielectric field, it would reduce the energy of the 
field by shortening dielectric flux lines. It follows 
that a dielectric foree would act upon the particle to 


Fig. 1 


produce such an elongation. We may designate this 
force as Fy 


(1) 


where C;, is the capacitance between an end of the fila- 
ment and the nearest electrode and FE, the voltage 
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across this capacitance. J and / are hie age of the 
dielectric and the length of the filament respectively, 
as shown in the diagram, Fig. 1. 


C, and can hardly be expressed mathe- 


dC, 

d (L— l) 
matically as they depend not only upon the dimensions 
of the single moisture particle or filament considered, 
but also upon the dimensions and arrangement of the 
other moisture particles and filaments in the dielectric. 

As the filament elongated / would increase and C; 
would increase, increasing F', but as C,, increased, and 
the filament included more and more lines of dielectric 
force, a current would flow through the filament and 
this current, flowing through the resistance of the fila- 
ment, would produce a potential drop along the fila- 


ment #,. F, can therefore be expressed as 
i dC, 
= (EK — E,/2)? Sid Baba (2) 


E. would be a function of the rate of change of / 
with respect to time and also of the resistance of the 
filament. Since the volume of moisture does not 
change, we may assume for the resistance of the fila- 


2 
ment R = “Se where vy represents the conductivity 


of the liquid and A the section of the filament when 
1=1. Aalsois the volume of moisture of the particle. 
We may therefore write 


2 
ts te 


se dl Vue): 
m- (2 —-iaera) 


When current flowed. through. the filament, the drop 
of potential along the filament would set up a secondary 
field in the dielectric. This field would emanate from 
the filament exactly as magnetic lines of flux emanate 
from a straight bar magnet, and it’would be nearly 
similar to the field that would be set up if the filament 
were replaced by two small electrodésin the-dielectric, 
spaced a distance apart slightly less-than the length 
of the filament and with a potential drop between them 
corresponding to the-potential.drop along the filament. 
The distance | may be considered as the distance that 
would separate such electrodes, and the capacitance 
of the secondary field C, would be the capacitance 
between such electrodes. 

This secondary field would act to shorten the fila- 
ment and the force of this field would be ~ 


Ed Cy 
2dal 


(3) 
and 


AE; 


Sayin 


F, = — (5) 


or by equation (3) ; a. 
Abie Ba ats 
ed Cr oe 
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The actual divleatrie field would at any instant be a 
resultant field of what are here called the primary and 
secondary fields. 

As the filament elongated friction would act to 
retard the elongation. This force of friction would 
inerease as the filament attenuated and would depend 
upon the section of the filament, upon the nature of 
the dielectric and upon the rate of flow; it can be ex- 


pressed as 
Fi=—f.(-Spu/4) 7) 


Surface tension would also act upon the filament to 
contract it. If we assume that the force of surface 


tension 
ds 
fat oa 
where S is the surface of the filament, we may write 
VJ/arA 
Fy=-K 8 
; aE (8) 


Considering all of the above forces as acting upon the 


filament we can write, for an elongation — 


(8=1(-a) sya) aga 
(i(-ge) Z. Vad 
= (3 ee (9) 
The relation oe to the other tabtors is obviously 


very complex but certain useful relations can be deduced 
from this equation by inspection. 
It is obvious that if either A or y is increased 


1m will also increase. In other words a large particle 


of moisture will elongate more rapidly than a small 
one. A moisture particle containing more impurity 
will elongate more rapidly than one with less impurity, | 
and, since conductivity increases with temperature,a 
hot moisture particle will elongate more rapidly than 
a cold one. It also seems to show that if A is small _ 


a ? decreases aaa as * increases. 

Forees F, and F; nd to slow down the ‘elonuatiall 
but can not stop the filament from elongating. Force 
F', would decrease as J increased. It would seem then 
that no matter how small the filament became, it 
would “ultimately” bridge the dielectric—even if it 
became atomic in section. 

When the filament finally pridsed! the dielectric, 
the forces F, and F'; would disappear, but the filament 
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would now carry leakage current and would assume a 
gradient equal to the dielectric gradient. The dielec- 
tric field due to the potential drop along the filament 
would, therefore, remain, and the forces F, and F, 
would remain. These forces would hold the filament 
taut, but could not disrupt it or pull it away from the 
electrodes, for, if at any place along the filament the 
filament became thin, preparatory to a break, the 
resistance of that section would increase and the voltage 
gradient along that section would also increase. The 
resulting dielectric field would exert a force along the 
filament that would tend to flood the thin section in the 
filament with moisture from the thicker sections. 

The filament would carry current electrolytically, 
that is, current would flow by migration of ions, and 
if the temperature of the liquid increased the velocity 
of migration would increase and possibly the degree 
of ionization would also increase. It follows that the 
leakage current would be greater if the dielectric were 
hot than if it were cold. 

With current flowing in the filament, heat would be 
generated along the filament and this would increase the 
temperature of the filament and thus increase its 
conductivity. With increased conductivity the heat 
generated would increase and the temperature become 
still higher. This would result in a vicious circle, were 
it not for the fact that heat conduction to the surround- 
ing dielectric would also increase with increasing dif- 
ference of temperature between the filament and the 
dielectric, so that a condition of equilibrium would 
usually be reached. With a very small filament the 
ratio of heat generated to cooling surface would be 
small and such a filament would remain very close to 
dielectric temperature. - Such a filament would show 
a resistance practically independent of the voltage 
between electrodes. If, however, the filament were 
large, we might expect resistance to decrease as voltage 
between electrodes increased. 

If the temperature of the filament became sufficiently 
high, evaporation would occur, disrupting the filament. 
Evaporation might result in a general drying up of the 
filament, the moisture either leaving the dielectric or 
else forming a new filament or filaments in the dielectric 
adjacent to the original filament. Another possibility 
would be that the evaporation, being greatest at some 
one point, the resistance of that point would increase. 
The point would then become a hot spot and evapora- 
tion would further increase—a vicious circle ending in a 
local disrupture of the filament and a pushing apart of 
the sections by the resulting puff of vapor. This 
would decrease the flow of current and consequently 
the vapor would at once condense and the filament 
would be reunited, not only by the dielectric forces 
appearing across the gap in the filament, but also due 
to the vacuum when the vapor condensed. As soon as 
the sections of the filament united; in fact as soon as 
the ends touched, the action would be ‘repeated—but 
the average conductivity would be reduced. With 
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very large filaments evaporation might prevent any 
stable bridging of the dielectric. 

The voltage at which evaporation first occurred 
would depend upon the size and conductivity of the 
filament. The larger the filament and the better its 
conductivity the lower the voltage of evaporation. 

The voltage at which evaporation first occurred 
would also depend upon the temperature of the dielectric. 
The higher that temperature the lower would be the 
voltage of evaporation. 

If a dielectric contained many particles of moisture, 
each of these particles would start elongating into 
filaments, but if the number of particles were great 
many of them would link up as they formed. This 
of course would decrease the time necessary to bridge 
the dielectric. Since, then, the time to bridge the dielec- 
tric depends both upon the number of particles and 
upon their size, it follows that the greater the moisture 
content of the dielectric the smaller the time required 
for the filaments to bridge the dielectric. 

If a bridge were formed by the linking up of filaments 
as they elongated from particles of moisture of different 
sizes and conductivities, the voltage gradient across 
the bridge would not, at first, be uniform but the dielec- 
tric stresses set up along the filament, due to the 
gradient, would be greatest where the filament was 
highest in resistance. The result would be that an 
internal flow of moisture would occur until the gradient 
was uniform throughout. 

If a dielectric containing many particles of moisture 
had voltage, from a source of constant potential, 
suddenly applied across the electrodes, the first rush 
of current would be the changing current of the dielec- 
tric. The maximum value of this current and its 
attenuation would depend upon the constants of the 
dielectric and the circuit and, if it were not for the 
moisture held by the dielectric, this current would 
soon drop to zero. However, as soon as voltage 
was applied, filaments of moisture would begin to 
form and, in forming, would apparently increase the 
capacitance of the dielectric by shortening the lines 
of force. The changing current would, therefore, 
persist beyond the normal time though gradually 
decreasing, as more and more of the filaments 
bridged the dielectric and the rate of change in length 
of others became less.. But not until all of the filaments 
finally bridged the dielectric, would the changing cur- 
rent become zero. Leakage current would at first be 
zero but, as the filaments began bridging the dielectric, 
leakage current would increase. This increase in 
leakage current would at first be rapid, as the larger 
filaments and the ‘filaments that linked up easily 
formed their bridges, but as the rate of bridging and 
the size of the filament that. bridged became smaller 
and smaller the increase in leakage would becomeslower. 
Leakage would become maximum as changing current 
became zero. The action is shown diagrammatically in 
Fig. 2. Bir MGie pris > SME 


594 


If the moisture content of the dielectric were great 
the action in building out filaments would be rapid 
and the leakage large. In that case as shown dia- 
grammatically in Fig. 3 the current would reach its 
final value very soon after the application of voltage. 


CURRENT 


Current ae 
Leakage Current~ ~ 


Bee 


TIME 


Fic. 2—‘‘Assorption’’ Moisture Content SMALL 


The phenomenon illustrated in Figs. 2 and 8 is 
apparently identical with what is usually called 
“absorption.” 

If a dielectric under electric stress, and bridged by 
filaments of moisture, were discharged by short circuit, 


CURRENT _ 


TIME 


Fig. 3—‘‘AssorptTion’’ Moisture Content LARGE 


the primary field of force would disappear at a 
rate depending upon the resistance and inductance 
of the discharge circuit, but, as pointed out above, a 
filament carrying current would have established along 
it in the dielectric a secondary field, proportional to 


Current Flow 


POTENTIAL 


Fig. 4—NorMaAu GRADIENT—DIELECTRIC CHARGED 


the drop of potential along the filament. When the 
primary field disappeared this secondary field would 
become apparent and its discharge would be limited by 
the high resistance of the filament and, therefore, 
might be very slow. If Fig. 4 shows the normal 
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gradient and flow of current along a filament under 
constant conditions in a changed dielectric field, the 
change in this gradient and current flow upon short- 
circuiting the electrodes would be as shown in Fig. 5. 


Potential Gradient of Filament 


Current Flow 


Filament 


POTENTIAL 


Fig. 5—FInaMeENnt GRADIENT—EHLECTRODES SHORT-CIRCUITED 


If left short-circuited long enough, the secondary field 
would become fully discharged and the gradient would 
disappear, but if, before that, the short circuit were 
removed the primary field would become reestablished 


,| Potential Gradient of Filament 
x Current Flow_ 


Filament 


Fic. 6—Suort Crircurr RMovep—E.Lectropes RECHARGING 


FROM KILAMENT 


by the secondary fields of all the filaments, as shown in 
Fig. 6 and 7. 

The phenomenon illustrated in Figs. 4, 5, 6, and 7 is 
apparently identical with what is usually called “residual 
charge.” 


Potentia} Gradient 


Filament 


Current Flow 


Current Flow 


Fig. 7—‘‘ResipuaLt CHARGr”’ 


Discharge of the residual voltage would take place 
by leakage through the filaments until finally all differ- 
ence of potential disappeared. When that occurred the 
force of surface tension would contract the filaments, 
but. in contracting they would break up into small 
particles distributed along the paths of the filaments. — 
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ALTERNATING FIELD 


As in the case of the constant-potential field already 
considered, particles of moisture embedded in an alter- 
nating dielectric field would be acted upon by four 
forces: F,, a dielectric force acting to elongate them 
into filaments and due to the primary dielectric field; 
F,, a contracting force due to secondary dielectric 
fields set up by the potential drop along a filaments; 
F, surface tension; F'4, friction. 


E 


IR-E, 
Fie. 8 


The alternating field case is, however, rather more 
complicated than the other, because currents flow 
through the filaments whether the filaments are 
elongating or not. Thus, force F, is now not merely 
in the nature of a retarding force but acts to oppose 
force F, even if the filament is not elongating. Forces 
F, and F, are pulsating dnd not in phase. 

To analyze the action, consider one filament of 
moisture, of many, in an alternating dielectric field. 
Alternating current I (see Fig. 8) would flow in the 
filament and this current can be considered as the 
resultant of two currents I’ and I”, the first I’ due di- 
rectly to the main field, and proportional to the number 
of lines of force of that field entering the filament. 
This current would lead the electrode voltage EL’ by 
90 deg. I’, the second component of J is a current due 
to the secondary field set up in the dielectric by the 
voltage drop I R along the filament. JR is in phase 
with J and I” leads this phase by 90 deg. It follows 
that FE. leads E by more than 90 deg., and EH, may be 
divided into two components, one of which EF,’ is 180 
deg. in phase from EL. E,’, therefore, lessens the dielec- 
tric flux received by the filament and therefore lessens 
the force acting to elongate the filament. J of course, 
is proportional to the actual dielectric flux received. 

The force F,; would have a wave of double frequency 
and may be considered all positive. Its maximum 
values would occur when E was at full value either 
positive or negative. The force F. would also be of 
double frequency, and may be considered entirely 
negative. Its maximum values would occur when EF» 
was at full value either positive or negative. The 
combination of these two forces would give a wave of 
force with both positive and negative values and with 
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an intermediate phase. Due to friction, which in a 
small filament would be high, the filament could not 
respond to the rapid variation of the force cycles but 
would respond to the average resultant force F’, of 
the force cycles of F; and F,. If F’ were positive in 
direction and exceeded the surface tension force F’3, the 
filament would continue to elongate, but elongation 
would cease if the forces F’ and F's became equal and 
opposite in direction. 

As the filament elongated its resistance would in- 
crease and, assuming that the total volume of moisture 
did not change, the resistance of the filament would 
increase in proportion to the square of its length. 
Although the current I might decrease as the filament 
lengthened, the voltage drop along the filament would 
be found to increase, and this would increase the force F's. 
It would also swing the phase of the voltage EH, further 
in advance of H and increase the component EF,’ 
thus decreasing the force F';. When the attenuation 
of the filament reached a certain degree the forces 
acting upon it would be in equilibrium and no further 
elongation would take place. 

To show this a little more definitely it is convenient 
to consider the case from an energy standpoint, as all 
bodies, either conductors or insulators, in a dielectric 
field, tend to move or form themselves so as to take the 
max mum possible energy from the field. Thus if 
by elongating the energy loss in a filament would 
become greater, dielectric forces would tend to elongate 
the fiament but the filament would not elongate if 
elongation meant a decrease of energy. The heat 
produced in the filament is a measure of the energy it 


takes from the field. 
In Fig. 9, Let 


Lin-="9 Duarif Gas=" by 2. mF-Coc=Dz 
The admittance of the parallel circuit would be 


Yy2 = Vg? + 62 and the impedance of the total circuit 
would be 


It follows that since 


and power loss in heating the filament P = E,’g 


that (11) 


As the filament lengthened out and 7 increased g, 
b; and 6. would change in value 


Aig 
Ga Ls 


where y is the conductivity of the liquid and A the 
sectional area at unit length, which equals of course the 
volume of the liquid 


dd; d bs 
dl and dl 


are actually rather complicated functions of L and 1; 
and 6, does not increase as rapidly as L — | decreases, 
nor does b, decrease as rapidly as / increases, but if a 
value of J can be found giving P a maximum value on 
the assumption of direct proportionality it may be 
inferred that at some shorter value of / the filament 
would attain its maximum length. 


Assume therefore 0; = 4 
and b,=B "i l 


when B is the value of b. when the filament is of unit 
length and F a factor of proportionality between the 
two fields. 

The equation can now Pe written 


vs Ale 
I? 
Pie aa (12) 
[4 Ay, 
B? FP? Se? +1 
(L— 1)? 
which reduces to 
rep p 
jhe {L— it (13) 
4 B? 1/1 F ‘y 
Vo ( +z 


If L is taken as unity, and / is small with respect to L 
this reduces to 


E? Ay Be F? 
ear er af (14) 


[2 


Differentiating this with respect to | and equating to 
zero gives. 
A? vy? —~FBRBA+F) =<) 
F will not be a very large number and if 7 is small 
x | + Fl can be considered unity and we may write 


omy ( abet i 
max Bok 


(15) 
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Obviously for small values of J, B F must be greater 
than A? ¥?. . 
Now putting this value of / in equation (14) gives 
E? A y B2F? 
3.A2/8 


N apee = 3 AP 8 BB+ B+ Blea FAB Ate 473 


4/3 

(16) 
and if B F is to be large with respect to A? y? the term 
B will dominate the denominator and we can approxi- 
mate the above formula by 

Pre Aes BPs (17) 

From equation (15) it is obvious that the length to 
which a filament would elongate is a function of the 
quantity of its moisture and of its conductivity. Pre- 
sumably if the quantity of moisture were sufficient 
or its conductivity sufficiently high the filament would 
bridge the dielectric. It should also be noted that the 
length of the filament is, according to this equation, 
independent of voltage. This of course is not strictly 
the case, as the force of surface tension has been neg- 
lected. The equation (15) must therefore be considered 
as giving the limiting value of 1 when A is very small. 
Undoubtedly for small voltages the effect of surface 
tension would be apparent but as the voltage increased 
the dielectric forces would dominate, and if yy remained 
constant the length of the filament would not change 
appreciably with voltage changes. 

Equation (17) is the approximate equation of dielec- 
tric loss due to the presence of a very short filament of 
moisture in the dielectric but for larger filaments 
equation (17) will not hold: Most likely as / increased 
the factor B should decrease in importance’ until for 
a filament of length such as to bridge the dielectric the 
factor B would disappear and the loss would be 


P =H? Avy (18) 


where i expressed the actual resistance of the 
filament, since we assumed the dielectric thickness, 
L, to be unity. 

If the dielectric contained many particles of moisture 
of various sizes, doubtless some would bridge the 
dielectric, some would not elongate beyond a limiting 
or short value and: some in elongating would link up 
with others forming longer filaments of limited length 
or else would bridge the dielectric. 

--With some filaments bridging the dielectric and others 
of limited length the total dielectric loss can be ex- 
pressed as 

=L 


ering tes td bl - (19) 


. pA cee 
where A’ is a function of A and / and expresses, a any 
length J, the total moisture in the dielectric, held as fila- 
ments, oe length /, B’isafunction of B and F with respect 
to 7 and varies from B’ = B F? for very small values 
of 1, to B' = 1 for 1 =.L. B is also a function of 1 
and would be 0 for 1 = 0. In this equation is as- 
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sumed to be the same in all filaments but if the fila- 
ments were of different temperature this would not be 
the case. 


DIELECTRIC LOSS AS A FUNCTION OF VOLTAGE 

According to equation (19) the dielectric loss in a 
dielectric containing moisture increases as the square 
of the voltage indicating a constant ‘“‘a-c. resistance’ 
but as pointed out in the case of the constant potential 
field, the current flowing through the filaments gener- 
ates heat, locally, and this may increase the tempera- 
ture of the filaments, increasing the conductivity of the 
liquid of which they are formed, lengthening the fila- 
ments according to equation (15) and according to 
equation (19) increasing the loss. But, if the filaments 
are very small, radiation of heat to the surrounding 
dielectric would.be rapid and might even cool the fila- 
ments down to the dielectric temperature between 
cycles. We would, therefore, expect that in a dielec- 
tric containing comparatively little moisture, dielectric 
loss would increase in proportion to the square of the 
voltage while in a comparatively moist dielectric the 
increase of dielectric loss with voltage would be at a 
greater rate. The phenomena of evaporation as 
explained in the’ case of the constant potential field 
would also occur in an alternating field and this 
might offset the increase in conductivity due to 
temperature rise as voltage increased. The evap- 
oration, however, would only be apparent above 
some critical voltage. In other words, a dielectric 
containing moisture to such an extent as to increase in 
loss, as voltage increased, at a rate greater than pro- 
portional to the square of the voltage, would, above 
a certain voltage, show loss increasing at a rate more 
nearly proportional to the square of the voltage. 


DIELECTRIC LOSS AS A FUNCTION OF TEMPERATURE 


Assuming for the moment that the dielectric co- 
efficient, k, is independent of temperature, then since 
7, the conductivity of the liquid increases as tempera- 
ture increases, it follows from equation (19) that the 
dielectric loss in a dielectric containing many particles 
of moisture would increase as the temperature of the 
dielectric increased. Furthermore as indicated by 
equation (15) an increase in y would also cause a 
lengthening of all the filaments that did not already 
bridge the dielectric, and according to equation (19) 
this would cause a still greater increase of dielectric 
loss as temperature increased. 

There seems, however, to be rather good evidence 
that the dielectric coefficient, k, isnot a constant with 
respect to temperature. This will be brought out 
later, but assume for the moment that k decreases as 
temperature increases. B is proportional to k and so 
according to equation (19) a change in k will affect 
dielectric loss. In a comparatively dry dielectric 
a large part of the loss might occur in comparatively 
short filaments in which case the importance of B 
in the equation (19) for loss would be great. In such 
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a dielectric the effect of the increase of conductivity 
as temperature increased might be somewhat offset by 
the decrease in k as temperature increased, though, 
as the filaments lengthened due to increasing temper- 
ature the importance of B as affecting loss would de- 
crease. The result, in a very dry dielectric, might 
be that, when cold, dielectric loss would decrease 
as temperature increased but that, at a certain tempera- 
ture, a point of minimum loss would be reached and 
that, for higher temperatures, loss would increase 
perhaps rapidly with temperature. 

It has been stated above that dielectric loss is some- 
times affected by evaporation, depending upon the 
moisture content and the voltage impressed. Another 
factor would be the dielectric temperature, for obviously 
if the dielectric were hot evaporation would occur at a 
lower voltage than if the dielectric were cold. 


DIELECTRIC LOSS AS A FUNCTION OF FREQUENCY 


If a filament of moisture in a dielectric field were 
very short the importance of B as affecting dielectric 
loss would be great. Bis proportional to frequency 
so the loss would be nearly proportional to frequency. 
If, on the other hand, the filament bridged the dielectric, 
the loss would be independent of frequency. In the 
case of many filaments of all sizes, dielectric loss would 
increase with frequency but in a degree depending 
upon the quantity of moisture and its distribution. 

As an offset to the above is the fact that, as indicated 
in equation (15), the length of the filaments would 
decrease as frequency increased. _ This of course though 
tending to decrease dielectric loss would increase the 
importance of B and so increase the sensitiveness to 
changes in frequency. 

With an increase of temperature, the variation of loss, 
due to changes in frequency, would be less as the in- 
crease of temperature would lengthen the filaments, 
and so give less importance to B. 


CAPACITANCE AS A FUNCTION OF FREQUENCY 


The capacitance of a dielectric containing embedded 
moisture elongated into conducting filaments would 
be greater than the capacitance of the same _ dielec- 
tric if no filaments were present, for although the 
effect upon the capacitance of such filaments as bridged 
the dielectric would be negligible, those filaments that 
partially bridged the dielectric would act to shorten the 
length of such lines of force as converged to them in 
crossing thedielectric. Thustheeffect of these filaments 
would be the same as if the electrodes were moved nearer 
together. An increase in frequency would increase 
the factor B in equation (15) and shorten the length 
of these filaments; thus an increase in frequency 
should be accompanied by an apparent decrease in 
capacitance. 

CAPACITANCE AS A FUNCTION OF TEMPERATURE 


As pointed out above, the effect of an increase of 
temperature upon the filaments that do not bridge 
the dielectric, is to increase their conductivity and 
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so increase their length. Obviously, this would in- 
crease the apparent capacity of the dielectric. But 
as stated above there is no reason to assume that the 
dielectric coefficient k is independent of temperature. 
It is a measure of the energy required to produce some 
atomic change, and the condition of an atom changes 
with temperature. 

W. Grover! of the Bureau of Standards has found 
that the capacitance of paraffined paper condensers 
changes with temperature but with rather a complex 
relation to phase angle. It will be shown later that 
in the dielectric we are considering the larger the phase 
angle the greater the moisture content. Grover finds 
that, for a very small phase angle, the capacitance 
decreases as temperature increases—for a larger phase 
angle capacitance is nearly independent of tempera- 
ture and for a still larger phase angle capacitance 
increases as temperature increases. A very small 
phase angle is equivalent to saying very few filaments 
and these of. short length. Such filaments, although 
they would, presumably, increase in length as tem- 
perature increased, would, in lengthening increase the 
capacitance of the dielectric but slightly. If in this 
case the capacitance were found to decrease with an 
increasing temperature our only explanation seems to 
be that a decrease of & must have taken place. A 
larger phase angle would indicate more moisture, 
that is more filaments and longer filaments. When due 
to an increase of temperature, such filaments elongated, 
their effect upon capacitance would be more pronounced 
and might dominate over any change due to a change 
in k. It follows that when investigating k as a func- 
tion of temperature, the moisture content should be 
as small as possible; in other words the phase angle 
should be small. In this case Grover found that ca- 
pacitance decreased as temperature increased. The 
conclusion seems to be that the dielectric constant k 
actually does decrease as temperature increases. 


PHASE DIFFERENCE AND POWER FACTOR AS FUNCTIONS 
OF VOLTAGE TEMPERATURE AND FREQUENCY 
The phase angle of the changing current of a con- 
denser would be 


if however the phase angle is large we can assume for 
the power factor 


1 
CO ig te Fk 
d si i spay etait ata 
and since Ta = 5 cos @ = E2rfC 


The term “phase difference’’ 
90 deg. — @. 

1. The capacity and phase difference of paraffined paper 
condensers as functions of temperature and frequency.. W. 
Grover, Bulletin of the Bureau of Standards, Vol. 7, No. 4, 1911. 


may be defined as 
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The dielectric loss P and capacitance C have both 
been analyzed above as functions of voltage, tempera- 
ture, frequency and moisture content, and as these 
are the only variables in the equation of power factor 
that would be influenced by moisture content it seems 
hardly necessary to fully develop their ratio. In 
general we might expect P to change more with mois- 
ture content and conductivity of the moisture than C 
and it would follow that in a comparatively dry dielec- 
tric, power factor would be lower and phase difference 
smaller than in a comparatively moist dielectric. 

In any actual insulation the action of entrapped 
moisture would be more complex than in the simple 
case considered above. It is doubtful however if 
any usual insulation would be dense enough to prevent 
the penetration of filaments of moisture provided the 
filaments were sufficiently small, and they may of 
course be even atomic in section. The impossibility 
of freeing insulation from every trace of moisture is 
apparent when we consider the moisture content of 
the air. If we attempt to drive out moisture by high 
temperature we vaporize the moisture but even with 
vacuum we cannot get all of the vapor out. There 
seems to be an action of occlusion that holds to the 
moisture and brings in new moisture when possible 
from the air. If very high temperatures are used in 
drying, many insulations decompose and usually one 
of the products-of decomposition is water. 

_ The idea that moisture forms the conducting paths 
in insulation is not at all new, Evershead?, by means 
of a very ingenious model studied the action of moisture 
as affecting the insulation resistance of fibrous insu- 
lating materials. This is of course a more complex 
case than the simple one considered above, since the 
fibers of the material would hold moisture strongly 
by capillary action. Evershead concludes that only 
a small part of the total moisture forms high resistance 
paths and that most of the moisture lies dormant in 
cells and fibers of the insulation. According to Evers- 
head, an increase of electrical stress floods the conduc- 
ting paths with moisture taken from the reservoirs of 
dormant moisture and so decreases the resistance as 
voltage increases. Evershead accounts for this flood- 
ing of the moisture paths by the action of electrical 
endosmose which gives a movement towards the 
cathode only. Electrical endosmose is essentially a 
phenomenon of a dielectric liquid and not of a con- 
ducting liquid, and it hardly seems possible that mois- 
ture in commercial insulation would be pure enough 
to be considered as a dielectric. Conducting moisture 
on the other hand would elongate into filaments, the. 
force acting in both directions, both towards anode and 
cathode. Possibly both actions may take place. 

In the above analysis we have considered only the 
actions that would take place, due to moisture, in a 
uniform dielectric field. If the field were not uniform, 


2. The Characteristics of Insulation Resistance. Jowrnal 
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as for instance in the insulation of an electric cable, it 
seems obvious that the moisture would have a tendency 
to migrate towards the more intensely stressed portions 
of the field. One result of this would be an easing 
off of the gradient where it was steepest. It may 
possibly be that an actual benefit is derived from the 
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moisture in a cable if the potential gradient at the 
conductor is excessive. 

Almost all of the characteristics that it was found 
should be expected in the hypothetical insulation that 
has been considered above have been described before as 
characteristics of ordinary insulation. Perhaps the 
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Single-conductor No. 0000, 20/32-in. paper cable. . 


characteristics described above as due to evaporation 
may be considered novel. Among many tests made 
on cables and other insulation, the author has occa- 
sionally found variations that it seemed probable were 
caused by evaporation. Such a test is given in the 
appendix. 
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Appendix 

The curves shown in Figs. 19, 11 and 12 were plotted 
from dielectric loss measurements made upon a single 
conductor cable insulated with paper and impregnated 
with mineral oil. This was a special experimental 
length of 200 feet and it was given less drying than would 
have been given to a commercial cable of similar 
design. The curves plotted from the results of the 
test show the typical characteristics which we have 
learned to associate with insufficient drying. In a 
cable where the drying is more complete we find that 
dielectric loss is proportional to the square of the volt- 
age and that, at any given temperature, power factor 
and insulation resistance do not change greatly as 
voltage changes. In this case, however it is only 
at high temperature that insulation resistance and 
power factor do not change with voltage. At low 
temperatures, insulation resistance decreases with 
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increasing voltage and power factor increases with 
increasing voltage. The lower the temperature the 
greater the rate of change. But in each case if the 
voltage is sufficiently high a condition of constant 
insulation resistance and constant power factor is 
reached. The voltage to bring about this condition 
depends upon the temperature and is greater for low 
temperatures than for high. 

-The explanation for these curves according to the 
theory given in the above paper is as follows: 

Many of the moisture paths or filaments of moisture 
are, in this case, so large that their sur aces, which 
dissipate heat, are small with respect to the heat . 
generated in them by electric currents. The moisture 
therefore becomes hotter than the surrounding dielec- 
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tric, the actual temperature depending upon both the 
dielectric temperature and the voltage. Therefore 
as voltage increases the temperature and conductivity 
of the moisture increases and the filaments of moisture 
lengthen. Due to both these causes, a-c. resistance 
decreases and power factor increases with increasing 
voltage. Butif the temperature of these large filaments 
becomes sufficiently high, they will be disrupted by 
evaporation. The cooler the dielectric the greater 
must be the rise in temperature to reach an evapora- 
ting temperature. Therefore the cooler the dielectric 
the higher must be-the voltage to produce evaporation. 
Evaporation breaks up the large filaments, thus chang- 
ing the slope of the curves to the horizontal lines that 
are characteristic: of comparatively dry dielectric, in 
which only small filaments are present. 

In the case of the 80.5 deg. curves it would seem that 
the dissipating action of evaporation must have been 
complete well below the lowest voltage recorded in the 
test and that, therefore, the only indication of an ex- 
cess of moisture is that the power factor is a little 
higher than might have been expected for a well 
dried cable. 

In the case of the 60 deg. curve the dissipation of 
moisture, due to evaporation, is almost complete at the 
lowest test voltage but the last trace of the phenomenon 
is discernible. 
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The crossing of the 28 deg. and 37 deg. curves is 
interesting and apparently means that at 28 deg. a 
larger part of the total moisture was concentrated in 
the large filaments than at 37 deg. cent. so that, at 
the evaporating voltage, the moisture as a whole was 
hotter in the 28 deg. dielectric than in the case when 
the dielectric was 37 deg. The fact that at 28 deg. the 
oil is hard while at 37 deg. the oil is very soft may have 
bearing on the case. 

At high voltages there is much less difference between 
the curves for different temperatures than there would 
be for a comparatively dry dielectric, but it must be 
remembered that the temperature of the conducting 
moisture paths is not the temperature of the dielectric, 
nor are the moisture paths in any case all at the same 
temperature. Above the voltage of dissipation by 
evaporation many moisture paths would be at evapora- 
tion temperature no matter what the dielectric tem- 
perature might be. Other paths in the dielectric would 
be at temperatures between the evaporation tempera- 
ture and the dielectric temperature. Thus the 80.5 
deg. cent. curves differ from the others at high voltage 
not because the hottest moisture is any hotter than in 
the other cases but. because more moisture is hot. 


Discussion 
For discussion of this paper see page 611. 
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HIS bibliography was prepared at the request of 

the Subcommittee on Wires and Cables of the 

Standards Committee of the Institute, and is 
intended specifically to be a continuation of that pub- 
lished by E. H. Rayner, Journal of the Institution of 
Electrical Engineers, (England) 1912, Volume 49, p. 53, 
who describes his bibliography as follows: 


The references given below are to articles in periodical litera- 
ture only. With few exceptions they deal with the physies of 
dielectrics from the point of view of energy loss and electric 
strength. 

_The first section includes papers dealing with theory and experi- 
ments of a laboratory nature. 

The second deals with instruments, chiefly electrostatic volt- 
meters and wattmeters, suitable for measurements on high- 
voltage circuits. 

The third section includes papers on atmospheric phenomena 
at high voltages at or above ordinary pressures, more especially 
such as describe experiments of engineering interest. 

In the fourth section are references to similar experiments in 
oils. ; 

The fifth section consists chiefly of papers dealing with the 
electric strength of materials and energy loss in insulation. 
Articles on cables are included which discuss insulation problems; 
but such as deal merely with capacity, inductance, ete., have 
been omitted. 

The number of articles on thesubject of porcelain 
and porcelain insulators has increased so much since 
the publication of Rayner’s bibliography, that an addi- 
tional Section, namely Section V, has been included 
on this subject in the present bibliography, changing 
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E. B. Meyer: As already stated by one of the writers, the 
general opinion in the past seemed to be that when the voltage 
of a circuit was increased the only requirements so far as safe 
operation was concerned, was to add more insulation to the cable. 

Reeent experience and research has developed the fact that 
the quality of the insulation and of the compounds used for 
impregnation have an important bearing on the safe operation 
of underground eables. 

The thickness of insulation applied on cables has apparently 
been determined heretofore by a cut and try method. In several 
installations with which I am familiar, cables recently pur- 
chased have less insulation applied than some of the older instal- 
lations operating at the same voltage. This seems to bear out 
the fact that either more insulation than necessary was originally 
provided, or that improvements in the quality of dielectrics have 
been effected. 


In the operation of underground cable systems of voltages under 
9000 comparatively little trouble is experienced. However, as 
soon as we pass this point and get into the range of voltages close 
to 20,000 which is becoming more extensively used, the number 
of failures per unit length of cable show a large increase over the 
number experienced at lower voltages. 

In looking over the last report of the Underground Systems 
Committee of the National Electric Light Association in which 
was included a record of the cable failures during the year 1921 
on cable systems at voltages ranging from 6600 to 25,000 volts, 
it is interesting to note that the average number of cable failures 
excluding those caused by electrolysis or external injury on a 
total of nearly 5000 miles of cable was slightly over 10 failures 
per 100 miles. 

In a large number of systems in this classification operating at 
voltages over 15,000 the failures ran about 25 failures per year 
per 100 miles of cable. It is really seen from these figures that 
in order to reach what might be termed the ‘‘ideal condition” as 
cited by Mr. Roper in which he states that the burnouts of high- 
voltage cables should be no larger than for the lower transmission 
voltages and should not exceed one or two per hundred miles 
per year, radical changes and improvements will be necessary 
both in the construction and methods of handling underground 
transmission cables of the higher voltage class. 


F. W. Peek, Jr.: I will limit my discussion to the data by 
Fernie given in Table I of Mr. Simons’ paper. These data were 
obtained by measuring the break-down voltage on cables with 
inner conductors of various radii. The maximum stress or 
gradient on the insulation of such a cable is always at the sur- 
face of the inner conductor; the minimum stress is at the sheath 
or outer cylinder, The stress or gradient calculated from the 
break-down voltage varies with the size of the inner conductor. 


TO VOLTAGE 
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The apparent strength of the insulation is greater for the smaller 
sizes of conductor. Exactly the same result is obtained with oil 
and air. The apparent strength of air for various sizes of con- 
ductors is readily obtained from the well established relation 
30 
go = 30 (14°30 ) ev./em. (1) 
Where 7 is the radius of the conductor in em.! 


Data from Table I are given below with some additional 
calculations. 


Calculated¢rom gv for air 
Data from Table I Equation (2) from equa- 
tion (1) 
Max. 
Stress Stress Max. 
R i at at Stress 
cm. cm. Cond. Sheath at Cond. R’ = 
gu gu ad v T 
kv/cm. kv/em kv/cm. 
1.13 | .243 428 92 320 0.8 48 
£.79 | . 527 335 98.3 250 1.30 42 
1.25 | .369 288 84.3 280 1.00 45 
LAVA 2527 257 95.6 250 1.30 42 
BIGZ leatow 240 108.7 240 1.70 40 
LG.) B27, 219 99.5 250 1.30 42 
TO WO Skt 189 90 6 220 1.80 Al 


In the last column the stress is calculated for the same conductor 
arrangement as for the cable for the purpose of comparison. The 
apparent strength is greater for the smaller conductors as is the 
ease for this cable. 

The physical meaning of equation (1) is that when breakdown 
occurs the stress is not constant at the conductor surface but is 
always constant and equal to 30 kv./em. at 0.3 Vr em. from 
the conductor surface. This constant value of 30 kv./em. is the 
strength of air, but a finite thickness must be stressed at or 
above this value before break-down can occur. This thickness 
is 0.3 Vr em. 

The break-down values for the solid insulation from Table I 
may be represented by the same relation. Thus 


= 100(1+%2 ) (2) 
Vr 


This means that the solid insulation breaks down at a constant 
stress of 100 ky./em. at 1.1 Vr em. from the conductor surface. 
It so happens that the radii of the sheaths, R, for the cables 
used in Table I have values approximately equal to 1.1 Vr. 
This makes it appear that break-down occurs for a constant 
value of stress at the outer conductors. 

C. F. Scott: I have some appreciation of cables, in a general 
way, I am not an expert, I am not going into this discussion in 
the way that the preceding persons have done, 

I will look at the whole matter from a different standpoint, 
that is, with reference to the place of the cable in commercial 
engineering work. We see the large power houses which have 
been constructed—we marvel at the advance which has been 
made in the last twenty years, since turbines began to be factor 
in power generation, and yet, in the large cities, the investment. 
in the‘cables which lie beneath the street, is comparable with 
the investment in the power houses, and the continuity of service 


_ may be as much dependent on cables as it. is on the operating 


machinery of.the power houses. 

What do we find with regard to the change in 1 cables in the 
last twenty years? It is about twenty years ago, if I recall 
rightly, that a cable of some 25,000 volts was installed, and so 
far as I know, has been reasonably successful and has been in 
continuous operation since that time. Yet, the number of 


1. Peek, “Dielectric Phenomena in High-Voltage Engineering”, p. 47. 
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cable installations, which have exceeded that voltage, have been 
very few and very recent, and neither in quantity or quality 
have they proved, I think, that they are yet 100 per cent per- 
fect; and the one particular point I want to make is that the 
advance which has taken place in cables from the technical and 
operating standpoint, has been very mild and feeble, compared 
with that in other branches of the electrical industry. 

We had presented, a day or so ago, the fact that in telephonic 
transmissions, efficiencies equal to the older efficiencies were 
obtained with wires of 1/10 the size, and that this was accom- 
plished with cables containing something like ten times the num- 
ber of circuits that they used previously. 

That immediately raises the question why power cables have 
changed so little® Has the cable not been something that has 
been turned out by the mile, according to very ordinary sort of 
specifications? Has not the type of work, as has been presented 
here this morning, which is the theoretical research type, 
been of very slow progress and has not the theory advanced too 
slowly? Has not the practical application of that theory and the 
results of the research work which has been done on cables, to 
make better cables, not been very slow? Ina word, are we not 
ten to twenty years behind the times in the real advance in power 
cables, in comparison with what has been going on in other 
fields of the electrical industry? 

If that is so, it is a challenge to the electrical profession, to the 
theoretical men, to the cable makers, to get very busy in order 
that the cable, may take its proper part in performing its very 
important function in power distribution. 

C. F. Proos: Ina paper read before the Association of Elec- 
trical Central Station Managers in Holland, on September 30th, 
1921, (to which the following figure numbers refer) there were 
discussed certain factors that influence the dielectric loss in high- 
tension cables, with special reference to the tension at which 
ionization starts as influenced by changes of temperature. 

The general characteristics of a paper insulated cable is shown 


in Fig. 1, where BE is given at different voltages. It will be 


Wee 
noted that up to a certain value RP is constant; beyond that 


Ww 
point — BP > changes due to the air becoming ionized; and at yet 


higher voltages it becomes Reey, constant again, when the air 
is nearly totally ionized. 

The time during which voltage is applied has influence on the 
measured value of dielectric loss, but only on the second part of 
the characteristic. Slow readings or low ionization give curves 
like No. III Fig. 5 instead of No. I. 

Temperature has a large influence on dielectric loss as shown 
in Fig. 7. The curves show a minimum of losses, for all tensions, 
at nearly 37 deg. cent. 

The ionization characteristic (Fig. 1) is changed by heating 
and cooling the cable. The ionization voltage runs up with 
temperature, and comes down, when the cable cools, to lower 
values than before. The higher the temperature reached, the 
lower the ionization voltage in the cooled cable, as shown in Fig. 
9. There is a certain temperature of the heated cable, above 
which the ionization voltage in the cooled cableruns down rapidly 
(Fig. 10). Running the cable above this temperature makes 
the operating conditions dangerous, unless unusually thick insu- 
lation is used. 

The power factor also changes with differences in temperature 
and is dependent on the range of temperature the cable has 
previously covered, as shown in Fig. 11. 

In the original paper these results are discussed at length and 
it is shown that these changes in electrical values are caused and 
can be explained by the changes in volume and pressure of the 
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small occluded air bubbles that are left in high-tension cables. 
Both the thickness and the pressure of the air bubbles change 
and ionization starts at different voltage in accordance with 
these changes. The expanding air pushes the fluid oil away at 
the spots of higher temperature which are also spots of highest 
dielectric loss and stress; these spots are dried out, the tempera- 
ture rises and the resultant hot spot causes breakdown. The 
gil pushed away at high temperatures, does not come back to 
its former place when the cable has cooled down; the air occupies 
a bigger space than before, the pressure coming down accord- 
ingly. Hence at lower temperatures, the break-down voltage *of 
the air bubbles is lower, and the heavy ionization which oceurs is 
dangerous and may cause hot spots and consequent breakdown 
of the cable. Practise in Holland has confirmed this theory, 
several breakdowns having been noticed at the low temperatures 
which followed a period of heavy load on the distribution eables. 

Ionization tension lowered by heavy loading of the cable comes 
back to former values in course of time. An average time for the 
recovery of a cable is 8 to 10 days. At higher temperatures 
recovery isfaster. Curves taken on a recovering cable are shown 
in Fig. 12. It will be noticed from these curves, that the same 
cable can show nearly any possible form of characteristic accord- 
ing to the conditions (thermal and electrical) the cable has been 
subjected to before test. This explains most of the differences 
which have. been experienced in checking dielectric loss measure- 
ments. 


By special precautions taken in manufacture and in the 
materials used, the ionization stress in cables can be brought up 
to values of 40 kv./em. or more and the influence of temperature 
changes can bereduced. (Figs. 14 to 19). 

A eable always used at an operating voltage lower than the 
ionization voltage does not show hot spots; hot spots are caused 
by occluded air only, and will cause breakdowns sooner or later. 
Laboratory tests should be made on cooled cables after being 
heated up to operating temperatures. A proper knowledge of a 
eable’s characteristics cannot be obtained unless its voltage 
characteristic is determined over a wide range of voltages. — 
(Fig. 7). A test at one voltage only is insufficient; the ionization 
voltage must be known under all operating conditions. 

The above tests were made at the Nedelandsche Kabelfabrik 
on lengths of 1000 feet or more with a special wattmeter at 50 
kv./em. The eables were heated by passing currents through 
the conductors, the sheaths being freely exposed to air. This is 
different from the American practise of putting cables in an oven 
until the insulation, is uniformly hot throughout, and more 
nearly represents operating conditions. 


William A. Del Mar: In the course of preparing the 
Historical Summary, the Subcommittee noted that the first man 
to call attention to the importance of dielectric losses in cables 
was Mr. Philip Torchio. They found that in 1902 Mr. Torchio 
gave the results of measurements of dielectric losses on long 
feeder cables, and deduced the general laws which govern the 
variation of dielectric loss with voltage frequency and tempera- 
ture. 


Philip Torchio: Your reference to my work may be used as 
an illustration in answering Prof. Scott’s very timely remarks 
which are more or less an attack on the slowness of American prog- 
ress in cabledevelopment. As:the Chairman states, I was the first 
to make tests and call attention to the importance of dielectric 
losses in cables in the Spring of 1902. My conclusions on the 


covering all features of the problem as we would enunciate them 
today, my report of 20 years ago stating that ‘the dielectric 
losses are approximately proportional to the frequency, to the 
square of the voltage and to a certain function of the tempera- 
ture not yet determined. The temperature, however, i inereases 
considerably the dielectric losses.” Xs 
I submit to Prof. Scott this fact, that while the fundamental 
principles of the importance of dielectric losses were cle 
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enunciated in 1902, practically nothing was done in this country 
in following up the subject until about 10 years afterwards when, 
in i912, Mr. Roper was confronted with certain high-tension 
cable failures due to heating, and he then became persistent in 
urging that the study of dielectric losses in cables be seriously 
taken up and pushed forward. In later years, other operating 
engineers who experienced similar troubles vitally contributed 
to exert pressure to push the research. In this manner, through 
the efforts of both manufacturers and users either through 
independent or cooperative work, we have arrived at the large 
progress reported in these papers. 


In reviewing these developments, I believe Prof. Scott will 
recognize the fact that until the need for improvements is felt 
either on account of failures of existing apparatus or inadequacy 
to give service, the theoretical research does not become of press- 
ing importance. On the other hand, as soon as the operator 
experiences trouble, immediately the research becomes extremely 
vital. Hence, our experience with the study of dielectric losses 
in cables illustrates the great importance of the necessity of 
cooperation between users and manufacturers. The manufac- 
turer must carefully study the experience of the operator and, 
on the other hand, the operating engineer must closely analyze his 
troubles and give the manufacturer the benefit of such experience. 


H. W. Fisher: The writer will confine most of his remarks 
to Mr. Roper’s criticism of American manufacturers and praise 
of foreign ones. Through correspondence from abroad, the 
writer knows that most of the so-called very high-voltage cables, 
concerning which much has been written in the technical press, 
have been operating, if at all, at much less than the designated 
voltage. Europe has apparently many engineers who try to keep 
their names before the public by advertising when they can, 
unusual work which is contemplated or supposed to be done 
abroad. When for any reason installation or actual operation 
at the stated voltage is delayed, a false impression is given, not 
only to the foreign, but also to the American public, of the actual 
accomplishment of foreign cable manufacturers and operators. 

The writer has had access to actual tests of dielectric loss made 
in some of the eables abroad, and intended to be used at 33,000 
volts, and the dielectric loss was so high that he can state with 
confidence that Mr. Roper would not operate the cables on his 
33,000-volt system. 

To be more explicit, I will state that the dielectric loss of this 
cable was over twice that required by Mr. Roper for his 33,000- 
volt cables. The cable was very well constructed and the 

physical properties of the compound were excellent, making very 

remote the possibility of transfer of the compound from one part 
of the cable to another. The manufacturer of this cable is a 
large concern with an excellent reputation and from the above 
information, it would seem that they are willing to sacrifice to a 
certain extent, dielectric loss in order not to neglect the other 
important considerations of cable construction. 


R. W. Atkinson: The great questions brought to my mind 
by the subject of this meeting are ‘‘What are the limits of the 
operating voltage of the cable, imposed by the voltage stresses in it, 
aside from the secondary effect of heating produced by dielectric 
losses’? and ‘‘What is the proper relation of insulation thickness 
to working voltage and what is the effect on the required insulation 
of the fact that the stresses are not uniform but are greater at the 
conductor surface?” I will formulate some statements which I 
believe will be found fairly close to the correct answer to these 
questions. These questions will be discussed primarily from the 
- standpoint of long continued stresses, though the answers apply 
in some measure to stresses applied for shorter time. . 

In his discussion, Mr. Peek has outlined an answer to these 
questions which is substantially the same as that which I have 
prepared but I believe that the matter is of such importance as 
to well bear a repetition, especially as my discussion is from a 
somewhat different viewpoint. 

_ A theory departing very much from previous ideas has been 
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advocated by Fernie and has recently been given much publicity 
in this country. This theory has been effectively refuted in the 
paper presented this morning by Mr. Simons which leaves the 
way clear for the discussion to be made without further reference 
to it. 

I will now consider the questions with which I have begun 
this discussion. Taking up the second question first, I believe 
the law for such dielectrics as are in the cables follows very 
closely that which has been developed by Whitehead, Peek and 
Ryan for air. That is breakdown will occur not when a certain 
average stress is reached nor yet when.a certain maximum stress 
is attained but will oceur when this maximum stress is imposed 
on a certain definite amount of the dielectric. 'The reason in the 
two cases is very similar. In the solid dielectric a condition of 
failure must be the liberation of a sufficient quantity of energy to 
cause disintegration of the dielectric at the point of failure. 
This disintegration may be mechanical, or due to heat, or to 
direct chemical changes and the electrical failure is likely to 
follow rather than precede these other changes. 

As a direct result of this a cable with a large conductor though 
standing a higher total voltage will withstand a lower stress next 
the conductor surface than one with a small conductor, and the 
same thickness of insulation, but the difference is much less than 
would be calculated on the basis of maximum stress and indeed 
may be unimportant for fairly large changes of conductor size. 

The answer to the other question follows directly. That is 
the dielectric strength will be substantially proportional to the 
thickness for the same ratio of maximum to average stress. 
The strength will not increase quite in proportion to the thick- 
ness because this distance through which the stress must exceed 
the critical value is of greater relative importance in thin insu- 
lation than in thick. By way of illustrating the magnitude of 
this effect, it may be cited that experiments with insulation 100 
mils thick that have shown dielectric strength say eight times 
what might have been expected from ten mils, 1/10 as much, of 
the same material. 


There is not time even to begin to outline reasons and data 
supporting this theory. I will give some cautions to prevent 
misapplication. One of the most common reasons that low 
values of average dielectric strength are found for thick masses of 
dielectric in proportion to those found for thin layers is the heat- 
ing due to dielectric losses. In other cases there is a great con- 
centration of stress with the thick mass due to the shape of the 
electrodes. Where means are not taken to prevent discharges 
over surfaces, the electrical oscillations produced thereby are 
likely to be proportionately higher for the higher voltage and for 
the thick insulation. In many eases the thick insulation though 
supposedly of the same quality, actually is of lower quality than 
the thi insulation. Thus, there are many ways in which tests 
will be relatively very unfair, to the thick insulation in spite of the 
fact that say the same precautions were taken in all cases. That 
is, on account of the greater difficulties introduced by the higher 
voltage many precautions must be taken that need not be taken 
for the lower voltage. 

It must be borne in mind that there is essentially a large dif- 
ference between tests made where the voltage is rapidly built up 
to the breakdown point than where voltage is applied for very 
long periods as in service or say in accelerated aging tests. It 
is believed that the same fundamental considerations will apply 
in both eases but that numerical values may be enough different 
to cause a very important difference in the ratios of strength for 
short time application and long time application for specimens 
of different thicknesses of insulation. ; 

Where a cable has composite dielectric, it follows that the 
limiting voltage is reached when the critical stress is reached in a 
sufficient portion of either of the two dielectrics. This may be 
in the one having the greater stress. That is usually next the 
conductor—or it may be in the other if the ratio of the dielectric 
strength is greater than the ratio of the stresses. Incidentally, 
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it may be pointed out that all multi-conductor cables having 
insulation on the individual conductors and a belt or jacket 
overall, are essentially of the class of composite insulated cables 
inasmuch as the filler materials constitute an essential part of 
the insulation and may be the source of voltage limitation on 
account of their low dielectric strength, in spite of the lower stress 
there than in the main body of the insulation. 


In 1920 Mr. Roper gave a paper showing the results of expe- 
rience on the Commonwealth Edison system with lightning ar- 
resters. In a way his overhead system became an enormous 
laboratory and the results of these observations were epoch- 
making and, we understand, have revolutionized our whole ideas 
on the protection of distribution circuits and the development of 
new and far better types of arresters and even in the means used 
for testing and judging the worth of an arrester. He has now 
begun work with another part of his huge laboratory, this time 
with his underground system. 


Mr. Roper is trying in this vast laboratory of his whether 
American cables can successfully meet conditions which have 
never before been met when we consider both the thickness of 
insulation for the working voltage and the service conditions. 
Speaking first of cables for operation at 25 kv. and less, vast 
quantities of American cables with thicker insulation have met 
successfully these conditions and there is a good deal of experience 
in Europe under their more favorable conditions with insulation 
thicknesses less than are common in American practise. But we 
know of no operating experience anywhere with these thin insula- 
tions combined with American operating conditions. 

It is important to remember that, though laboratory and fac- 
tory tests on this cable give reasonable assurance of successful 
operation, yet there is a very fundamental difference between 
such tests and the actual practical proof by large scale commer- 
cial operation. Laboratory tests have a very great value, in 
fact are the foundation of development, yet very misleading 
conclusions may be drawn from these when they are not backed 
by proper large scale oxperience. 


Separate mention may be made of three-conductor cable for 
operating at 33 kv. More than one lot of cable in England is 
understood to have been placed in operation at 33 ky. during the 
present calendar year. These cables are understood to have an 
insulation thickness of one-half inch between conductors and the 
same amount between the three conductors and the sheath. All 
of these cables have round conductors. One English cable with 
thicker insulation and also an American cable have been in opera- 
tion at this voltage for a greater length of time but the present 
interest centers in these newer cables. It is of interest to com- 
pare these with the American cables which Mr. Roper has in- 
stalled during the last year for the same voltage. His cable with 
a 350,000 cir. mils sector conductor and 19/64 in. plus 7/64 in. 
insulation and 9/64 in. lead has a diameter of slightly less than 
3 in. With sector conductor and the same insulation as used in 
this frequently quoted English practise, the diameter would be 
about 3.04 in., or with round conduetors it would be 3.32 in. or 
about 12 per cent greater than that of the American cables. 
Thus though the British have used relatively thin insulation be- 
tween conductors, they have been so conservative by use of thick 
belt insulation and unwillingness to.use sector conductors that 
these much talked of cables are materially larger than the Ameri- 
ean cables and have more insulation as a whole. The compari- 
son in favor of the American cable is still further emphasized by 
the statement that with round conductor and the insulation 
thickness used in English practise a 3-in. diameter.cable could 
not have a conductor as large as 250,000 em. instead of 350,000. 

However, aside from the fact that European practise regarding 
insulation thicknesses is not so different from American practise 
as appears on the surface, or is sometimes mistakenly supposed 
or taken for granted, there is plenty of difference between Euro- 
pean and American conditions to make comparisons very difficult. 
In two most important ways do the English make very sure that 


SIMONS: RATING OF CABLES 


Transactions A. I. E. E. 


their cables are installed and operated so that they remain in 
exactly the original condition. In the first place, they take pre- 
cautions about handling and bending the cable during installation 
that we understand are impractical under American conditions. 
Their cables are normally armored and it would be very difficult 
indeed to subject them to a serious amount of bending even if one 
wished to do so. It is true that English specifications are more 
severe in some particulars regarding bending test than is the 
American N. E. L. A. specification, though the English specifi- 
cation does not call for a low temperature at which the test is to 
be made, but we are not here concerned with the bending test 
which may be imposed under specifications. We are coneerned 
with the actual installation conditions and with the fact that they 
are exceedingly careful to treat their eable with very tender care 
during installation and do not subject it to the degree of bending 
to which American cables are subjected. Thus the cable is 
installed in such a way that it remains in practically identically 
the condition in which it was originally made, and then it is 
operated with a maximum temperature of 55 deg. cent., or 
thereabout. This temperature limit is certainly not limited by 
dielectric losses unless these are far greater than is common in 
American practise. Under the favorable cooling conditions of 
installation directly in the ground, only very high dielectric 
losses indeed could cause limitations to this operating tempera- 
ture. It is true that they are able to carry very heavy loads 
without exceeding this temperature but this limitation is quite 


‘surely because it is felt that the cables may deteriorate if heated 


to higher temperatures. This limitation may be nothing more 
than for instanee the migration of the saturating compound due 
to fluidity at high temperature. 
not be concerned about that, but it is another matter if stresses 
are as high as allowable for cable in the original condition. We 
may very safely say then that whatever thickness of insulation is 
found satisfactory for conditions now obtaining commonly in 
American practise, a materially lower thickness will be equally 
satisfactory under conditions prevailing in England and other 
European countries, or conversely if our American operators can 
with like results use as thin insulation as can the Europeans, it 
means that they are getting better cables. 


L believe that full study of the data will show that the American 
manufacturer has no cause to fear comparison of his recommenda- 
tions or his product with those of European manufacturers. And 
let us give full credit to this operating company which is making 
this great experiment with its transmission system. Success- 
ful operation will be of material value to the operating companies 
of this country and to the industry in general. But let us con- 
servatively remember that it is still an experiment, and let us not 
be too early in considering it out of the experimental field. And 
if this is concluded as a successful experiment let us remember the 
conditions under which it was made and not apply the results 
under still more severe conditions. 


V. Karapetoff: This meeting represents a notable milestone 
in the development of cables and dielectrics. As an outsider, 
I note some tendencies which from my point of view seem desir- 
able, and also a few remains of older undesirable tendencies in 
the methods of attack. , 

Perhaps the most desirable tendency is a steady, cooperative 
work, as contrasted with former sporadic individual efforts; also 
due respect to the work of preceding investigators, and a most 
excellent bibliography. This attitude alone vouches for the 
success of the enterprise. 


Another desirable tendency is a change from looking upon a 
cable as a unit piece of apparatus, to a careful analytical study 


If stresses are low we need 


of its elements. I was once crossing the frontier between two — 


European countries and had with me two presents, a fine silk 
shawl and a very heavy metal box. The customs inspector put 
them together on a seale, found the total weight, multiplied it by 
a coefficient, and told me what duty I had to pay. Many of the 


older experiments on high-tension apparatus remind me of that 
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summary proceeding. A piece of cable is “shot,” a result is 
obtained, and -presented to the public for future digestion. 
The tendency in the present papers is distinctly away from that 
pernicious practise. The dielectric is separated into paper, 
petrolatum, moisture, and what not, and the properties of these 
materials are treated separately in a more or less scientific and 
rational manner. 

Finally, I weleome most heartily the tendency to speak of the 
phenomena in dielectrics in terms of the recent ionic and elec- 
tronic theory of electricity. I appeal to my fellow-teachers to 
see in this tendency an encouragement of our endeavor to 
present electricity to our students in terms of the ionic 
theory. In a few years our graduates will not be able to 
read Institute papers unless they become familiar with. the 
electron theory. 

As to undesirable tendencies one is exemplified by the Fernie 
theory. It reminds me of those old empirical rule-of-thumb 
formulas, and is a dangerous step backward. I was glad to 
hear a speaker oppose this theory. 


The other tendeney which I rather deplore is to extrapolate 
theoretical formulas derived from stresses within the elastic 
limit, and to apply them to the phenomena at the rupture of a 
piece of insulation. What would we think of a specialist in 
strength of materials who would use the results of the theory of 
elasticity in discussing the ultimate strength of a column or a 
beam? Could he legitimately use a theory which does not apply 
there? Take a continuous beam on three supports; as long as 
the stresses are within the elastic limit, the load ean be increased 
and all of the stresses will be in proportion. But load the beam 
beyond the elastic limit, for example so that the middle support 
begins to yield, and you will get an entirely different distribution 
of stresses, unforeseen by the theory of elasticity. 

This is apparently done in some of the papers presented today. 
The logarithmic formula which holds for dielectric stresses within 
the elastic limit, is being applied to the discussion of stresses 
which lead to the failure of a cable. I hope that this inaccurate 
way of reasoning will be gradually eliminated from our papers. 

I would suggest to the Committee the necessity of extending 
our terminology in this branch of electrical engineering. When- 
ever there is progress in the art, we must not be afraid to intro- 
duce new terms. I notice that Mr. Del Mar used in his intro- 
ductory remarks the expression ‘‘imperfection angle.” This I 
think is a legitimate and useful term for characterizing a given 
eable. A cable has an imperfection angle of 5 deg., against some 
other cable with an imperfection angle of 9 deg. ete. We also 
need a new term to distinguish cables in which the ratio of radii 
is below 2.72 and above 2.72. Itisrather awkward always to 
mention this ratio. Let us eall one of them type A, the other 
type B, or thin and thick insulation, or something else, but let 
us not be afraid to introduce new names for these two types of 
cables. 


B. Welbourn: Perhaps the best answer I can give to Mr 
Fisher is to state one or two facts which are within my own 
knowledge as one of the engineers connected with cable work who 
. has been right through the development from the early days of 
high-voltage cables in our country. We have a considerable 
quantity of 33,000-volt cable at work. In one installation, on 
which I have all the information, a large number of tests have 
established that the dielectric loss per mile at 50 cycles, with a 
conductor working temperature of 140 deg. fahr., 60 deg. cent., 
is. exactly 2 kilowatt-hours. I think that you state your losses 
in terms of watts per foot, and unless my arithmetic is wrong, 
that is 0.38 watts per foot. I may say that considerably better 
results have been obtained since. f 

A eable manufactured by my company has been at work in 
England for the last two and one-half years, working witha stress 
of 5,530 volts per mm., as calculated by the Atkinson formula. 
There are 3-core cables in service working with 4400 volts per 
mm. I think you eall it 44,000 volts per em. in your phraseology. 
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I can state definitely that 44,000-volt three-core cables are 
commercially possible. 

A great advance has been made in our country with regard 
to the question of dielectric losses. Forty-four thousand-volt 
3-core cables can be supplied which will have a power factor 
not exceeding 1 per cent, up to a working temperature of 130 
or 140 deg. fahr. 

A good deal of attention has been given today to Mr. Fernie’s 
minimum stress theory. He isa friend and, until two years ago, 
was a colleague of mine. He developed his theory about 1914. 
and the results which he has published in the Beama Journal 
are based on experimental work done at least seven years ago. 

At the time Mr. Fernie reached his conclusions, he caused a 
great deal of discussion in my company, as you may imagine and 
I might say that his results have never been accepted by my 
company. I think that much later work which has taken place 
since Mr. Fernie left the company, and went out of the cable 
business has shown that his theory has to be provisionally laid 
aside until a completely new lot of data can be accumulated on 
cables of the latest manufacture. 


I would therefore suggest to Mr. Simons and the other gentle- 
men who have been discussing Mr. Fernie’s theory that they 
lay it aside for a time, until they have done further experi- 
mental work on up-to-date cables. 

I have been rather surprised in looking over your literature on 
cables, to see how little attention has been paid to the subject 
of the thermal resistivity of the insulation. It is the same in 
our country, but to the operating companies, and to the engineers 
who have to prepare the specifications for cables, I would strongly 
suggest that they call for very stringent guarantees on the 
thermal resistivity of the cables they are buying, whether they 
be for high or low-voltage work. 


D. M. Simons: In considering Fernie’s data, I mentioned 
that it was unfortunate that his tests did not include a greater 
range of the ratio R/r, or D/d. The paper by Messrs. Middleton, 
Dawes and Davis contains a valuable contribution in this 
respect, since their breakdown tests cover four times as great a 
range of D/das Fernie’s. It is interesting to see that their tests 
show that the minimum stress is by no means constant. 

The authors have apparently concluded from the data of their 
Tables 1 and 2, that the maximum stress at breakdown is a con- 
stant for cables in which D/d is equal to or less than 2.72. This 
does not seem to be justified as a definite conclusion since there 
are appreciable variations in their test values, and in fact, the 
variations are about half as great as those of their average 
stresses. 

I feel that the comparison of the maximum stresses in three- 
conductor cables as calculated by the so-called old and new 
methods is open to considerable criticism. In the first place, 
they assume in this comparison that the maximum stress at 
breakdown is a constant, and the same for single-conductor and 
three-conductor cables. Secondly, the so-called old formula for a 
stress in three-conductor cables gives obviously a stress con- 
siderably too high. The actual cable consists in one leg of two 
parallel cylinders with the delta voltage between them, and for 
this condition the old method substitutes one cylinder of the 
correct diameter, surrounded by a large concentric cylinder, with 
the same insulation thickness and the same voltage. It is well 
known that the maximum stress in the former case is always 
considerably less than the latter. The aceuracy of the new 
method has been so thoroughly substantiated that the tests 
shown by these authors do not tend at all to disprove this method, 


but rather to show that the maximum stresses occurring at 


breakdown in the three-conductor cables tested by them were 
much lower than the maximum stresses in the single-conductor 
cables tested. j : 

Mr. Welbourn has apparently obtained a meaning certainly 
not intended by Mr. Fisher’s remarks. Mr. Fisher by no means 
intends to imply that none of the high-voltage cables mentioned 
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in the foreign press were in operation, since we have every reason 
to believe that certain ones are under full rated voltage. 

On the other hand, he has attempted to point out that it seems 
quite sure that many of the described installations are not in 
operation. JI might mention specifically the cut which appeared 
about a year ago in the Electrician showing a large three-core 
cable “‘for 66,000 volts.” Our information seems quite definite 
that this cable is not in actual operation, but is merely a short 
experimental length. 

Mr. Welbourn has apparently replied to Mr. Fisher’s remark 
about the dielectric loss in a foreign cable by mentioning the 
very low dielectric losses in British cables, I am sure that Mr. 
Fisher’s commeat was by no means meant as a criticism, but 
quite the contrary, and that he merely desired to show that 
certain foreign manufacturers at least did not consider it neces- 
sary or advisable to go to extremely low dielectric losses. 


J. B. Whitehead: In discussing the potential gradient at 
the surface of the central conductor of the cable it is perhaps 
worth while to recall that the value which we use is based on the 
elementary laws of electrostatics acting in a perfectly continuous 
medium, such as the ether. 


We should remember that when we introduce a dielectric we 
may through the polarization modify the forces existing before 
its introduction. For we know that even a perfect dielectric 
is made up of discreet molecules and that under electric stress 
the component charges of these molecules are drawn apart. 
Remembering also the space separation between molecules them- 
selves, it is not difficult to picture such a space arrangement of 
charges, around a circular conductor as would alter the value of 
the electric intensity pertaining to a continuous medium. For 
example we may imagine the dielectric in a single-conductor 
cable as arranged in concentric layers of molecular thickness, and 
the component charges separated radially under the electric 
field. In each layer the inside charge would be nearer the cen- 
tral conductor, and owing to the space separation, would tend 
to lower the normal value of the intensity in the next inner layer. 
The amount of this lowering would depend on the radial and 
circumferential space separation of the charges, but reasoning 
in this way, it is not difficult to picture the stress in the layer next 
the central conductor as being reduced to a value comparable 
with or equal to that in the layer next the sheath. This would 
account for the evidence that cable breakdowns do not always 
begin at the center, and would permit us to think that a perfect 
dielectric at least may have a definite dielectric strength. There 
is good reason to believe that the gradient necessary to ionize a 
molecule has a definite value. But air and oil and perhaps other 
dielectrics always do begin rupture at the center as m the corona. 
Does not this upset the foregoing suggestion? Not necessarily, 
for neither air nor oil is the perfect dielectric we have pictured. 
In each of them, in air particularly, free ions, that is, independent 
charges, are always present in a certain quantity. These 
charges, unlike the neutral molecules may move freely in the 
electric field and so may cause a still further modification of the 
gradient at the center. -It is in some such phenomena as these 
that the explanation of the peculiar law of corona will ultimately 
be found. It is probable that we shall never attain the perfect 
dielectric, but it would appear that the stiffer cable compounds 
would offer less freedom of movements to independent ions, and 
so would be less liable to COuAtE from the ideal structure in 
this respect. 


Here, however, new troubles await us, for we encounter con- 
dueting filaments, moisture particles, and other departures 
from homogeneity, any one of which may cause a further modi- 
fication of our fundamental expression for potential gradient. 
Consequently, 1t is of great importance as already pointed out by 
Professor Karapetoff, that in analyzing the problems presented 
in cable construction, every care be exercised to separate all the 
elements entering. The occurrence of corona, or more properly, 
ionization; in thin air layers, has been recognized for some time. 
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Suspected only at first, its presence was next indirectly shown in 
the break ia the dielectric loss curves of cables, and subsequently 
its presence has been made visually manifest in air layers between 
glass plates. Mr. Shraders’ power factor curves on one sheet of - 
insulation and an adjacent film accentuate sharply the mfluence 
of this state of ionization. It is important to note, however, that 
his curves are all plotted with the average potential gradient as 
abscissas, and consequently they do not express the behavior of 
the air alone, but only the combined behavior of msulation and 
air. It is for this reason that the rise in the power factor curves 
is gradual for the thinner air films, and steeper for films of in- 
creasing thickness. Ionization begins at a definite value of 
potential gradient, and consequently the power factor curves 
plotted against gradient in the film, would all of them show a 
sharp ascent at the critical gradient. 

. The sharp maximum of power factor indicates that above the 
critical gradient the normal charging current: increases more 
rapidly than the ionization loss, and suggests that the principal 
loss is due to the process of ionization, rather than to a resulting 
resistance of the air film. 


W.C. Hayman: Mr. Roper, in his paper, has given us some 
very good data on dielectric losses and stresses on paper insu- 
lated cables. His conclusion, however, that in low-loss cables the 
temperature is limited as in low-voltage cables by the temperature 
which the insulation will stand without deterioration, does not 
agree with results we have obtained from a number of tests. 
We have found that the breakdown voltage of low-loss cables 
decreases with increase of temperature. The average breakdown 
voltage will decrease between 25 deg, and 100 deg. cent. as much 
as 25 per cent. 

We should also make a study of the effect of high Him Bester Seth 
on compounds used for impregnating high-tension, low-dielectrie 
loss paper-insulated cables, before we make any change in the 
present standard temperature ratings. 

Referring to Mr. Simons’ paper regarding Fernie’s theory, 
it would seem that more experimental data are necessary before 
we discard some of the older theories regarding stresses in the 
insulation. We have found from tests that breakdown voltage 
on small conductors is less than on large conductors where the 
insulation thickness is the same. As the breakdown varies so 
widely, however, on samples cut from the same cable, it 1s neces- 
sary to make a large number of tests. 


William H. Cole: In eable specifications with which I am 
familiar, dielectric losses are specified to be relatively low, but 
no other essential quality is to be unduly sacrificed on that 
account. I believe certain manufacturers have been neglecting 
some of these other qualifications of good cables. In one case 
at least, while continued reduction in dielectric losses has been 
effected, the saturation of the paper dielectric has become less 
pecfect. I do not refer to longitudinal migration of compound 
with which many engineers are familiar, but to continual radial 
absorption by the paper of compound from the filler spaces. 
Such cables are apparently well saturated when they are delivered 
and remain so while held in storage. After being in operation 
from one to two and one half years, some of these cables develop 
serious voids in the filler spaces, so that we are now meeting with 
trouble due to ionization in the central part of the cable. 

Tests have been made which indicate that ionization has an 
oxidizing effect on the compound. Stethoscope tests show 
that the used cables have a larger percentage of voids, than 
unused sections from the same original lot. 


On the whole it appears to be a question whether or not the 
manufacturer in arriving at low dielectric losses has acquired 
sufficient knowledge of the characteristics of his impregnating 
compound, how much compound he puts into his paper, how 
much he leaves in the filler spaces, and how long that compound 
will remain in the filler spaces. The importance of this subject 
was realized years ago—that compounds must not only be intro- 
duced into the cable to a sufficient extent to fill all voids, but 
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that there shall be no chemical or other action within the cable 
after the cable is placed in service. 

On the subject of d-e. testing of cables the class of cable referred 
to failed recently under a d-c. routine test. The faulty section 
was carefully examined disclosing the radial absorption effect. 
the ionization of the voids and the oxidation of the compound. 
The cable under test had been in continual service, was supposed 
to be in a sound condition, and the operating pressure between 
eonductors had been of the order of 24,000 volts. The d-ce. test 
voltage was 40,000 volts or less than two times the a-c. operating 
pressure. On the basis of the factor of 2.4 the cable failed at a 
voltage much less than the d-c. equivalent to the a-c. operating 
pressure. The condition of the dielectric at the point of failure 
seemed to show conclusively that so called, ‘“‘spitting’’ and re- 
healing of the dielectric had been taking place for some time 
under a-c. operation. The only conclusion to be drawn is that 
d-c. voltage is probably more effective in breaking down incip- 
ient faults than a-c. voltages and that the ratio of 2.4 between 
d-e. and a-e. holds good only for dielectrics in perfect condition. 

It may be of some slight interest to know that tests on high 
dielectric loss cables have been made for the purpose of deter- 
mining whether or not the potential gradient is very much altered 
by temperature gradients, and while it is of no particular interest 
today, since no one uses high loss cables willingly, it has been 
found possible, with sufficient fall of temperature between the 
copper and lead, to change the distribution of the potential, so 
that the outer layers receive very much higher stresses than 
would be ecaleulated for uniform temperature. This may be a 
possible explanation why some of the old type high loss cables 
could become so badly charred before final breakdown. 


G. B. Shanklin: Mr. Roper’s study of current carrying ca- 
pacity and critical temperature is based on an average duct radia- 
tion curve taken from a paper by W. S. Clark and myself read 
before the Institute in 1919. Available data on duct radiation 
constants are very meager and our curve was given merely as an 
illustration with no intention of introducing it as a standard. 
Since then a few additional data are available and a closer study 
of our original radiation curve indicates it to represent about 25 


per cent better thermal conditions than actually exist in the 


average duct. Our original ‘thot spot” radiation curve more 
nearly represents the true average curve than our original aver- 
age curve does. 

It was with some misgivings, therefore, that I noted Mr. Roper 
had based his calculations on the average curve and it is sur- 
prising to find how well his practical observations and experi- 
ences check his caleulations. I believe this is accounted for, at 
least, in part, by the fact that his dielectric loss values assume a 
uniform temperature through the cable cross section, equivalent 
to the copper temperature whereas, in actual practise the tem- 
perature is graded through the cable cross section, giving a lower 
dielectric loss than he assumed. 


A standard average duct radiation curve would prove useful 
-and if one is ever adopted it would be much better to represent 
the temperature drop from sheath to ambient soil. The curve 
would then be independent of the type of cable placed in the duct, 
except insofar as influenced by sheath diameter, which under 
ordinary conditionsis afactor of no moreimportance than several 
others that are ignored in this ‘‘short-cut,’’ approximate method. 

Mr. Roper’s statements regarding the variation of dielectric 
loss over lengths of cable might lead to misinterpretation. I 
believe he referred only to high loss cable of the rosin-oil-filled 
type. The better grades of low loss modern cable do not show 
such wide variations with length. 

An interesting feature brought out by Mr. Roper’s study of 
critical temperature is that, although the Institute temperature 
rule of 85 deg. cent. applies very well for the old type, high loss 
cable it is too conservative for the new-type, low loss cable. 


I have only one conditional exception to take with Mr. Roper’s 
conclusions. He shows quite clearly that the quality of cable 
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insulation has beep improved to a point whereby there is little 
danger of cumulative heating under normal operating conditions. 
He also shows that this new type of cable meets the standard 
high-potential test with ease. On the strength of this advance- 
ment he recommends, that insulation thickness be reduced. 
There is no doubt but that the thickness used in this country 
can be safely reduced, but I feel that Mr. Roper has overlooked 
one important factor, and that is internal ionization. 

The state of the art has progressed to a point, now, where 
internal ionization will be the limiting feature in any further 
reduction or gain. It is to be regretted that more is not known 
about this feature. We know that when voids or gas spaces 
are present in a cable that ionization occurs when a certain value 
of stress is reached. The conditions under which this ionization 
is likely to occur in service, its nature, whether it continues 
indefinitely and the amount of damage it can do is not clearly 
understood. We are at present making a study of these factors 
and hope to throw some light on them in the near future. 


Jonization cannot be ignored. No matter how compactly 
made a new cable may be and how tightly the sheath is applied, 
voids form in service. Expansion and contraction loosens the 
lead sheath, causing it to ‘“‘erawl’’ to a more or less extent, thus 
forming voids. Under laboratory test conditions these voids just 
under the sheath are ionized at a stress.on the insulation (mini- 
mum stress) of about 14.0 kv./em. What occurs in actual 
operation when the minimum stress exceeds 14.0 kv./em. we do 
not know yet. Our work thus far indicates that ionization 
usually starts first, next to the sheath and not next to the con- 
ductor as previously assumed, although we are -not prepared 
to state this conclusively. 

Mr. Simons’ paper on the dielectric strength of cables is too 
theoretical and speculative to be of practical application. 
Papers of this type are interesting and help us form a better 
mental picture of what might happen in a cable at breakdown. 
What actually happens is another story and probably involves 
too many factors to be so simply explained. 

The mechanics of breakdown in gases is now fairly well under- 
stood and the parallel problem of liquids is well on the road 
towards solution. Gases are homogeneous and readily applic- 
able to theoretical study. It is but natural that they should 
first give up their secrets. Liquid insulations are not so homo- 
geneous but far more so than solid insulations. Investigators 
began to make real progress with the mechanics of breakdown in 
liquids only after the factors introduced by foreign impurities, 
such as moisture, dust, etc., were recognized and eliminated. 

The same principles will have to be applied to a study of the 
mechanics of breakdown in solids. One of the greatest difficulties 
is in obtaining even an approach to homogeneity in solids. We 
must first learn something about the theory of breakdown with 
simple homogeneous solids in a parallel field and explain why 
the breakdown stress usually depends upon the thickness of 
insulation. Later we can go to more complicated built up com- 
mercial insulations in parallel fields and finally to cables, in which 
the non-parallel dielectric field adds further complications. 
What is needed at present are more actual breakdown data on 
cables, such as published by Fernie, and the very interesting data 
presented at this meeting by Messrs. Middleton, Dawes and . 
Davis. 

The paper by Del Mar and Hanson impressed on two 
counts, as we have done work along similar lines. Their 
theoretical study of dielectric loss is clearly and remarkably put 
forth and agrees with measured results better than any of the 
several theories that have been advanced at varicus times. 

Several years ago we found by trial that the equivalent 
dielectric circuit could be closely represented by an arbitrary 
circuit similar to their Fig. 2. The component which they 
designate in their formula as “resistivity of cellulose fibers,” 
however, should be called, “unknown factor,” for it must surely 
represent more than the resistivity of the cellulose fibers. (It 
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probably represents also the moisture resistivity.) The effect on 
dielectric loss of this component is small. I fully agree with 
their statement that dielectric loss is largely determined by the 
resistivity of the impregnating compound, for we have made 
numerous measurements that verify this in every particular and 
have found much the same relation between power factor and 
compound resistivity as given in their Fig. 3. 

In one other respect, our work verifies theirs. The conduct- 
ivity of compound alone, and hence, the power factor and 
dielectric loss of finished cable, gives every appearance of being 
mostly due to ionic conduction. It may not be true ionic 
conduction of the electrolytic type but it is some sort of uniform 
migration or transfer of charged particles such as metallic con- 
duction. One of the best proofs of this is the almost exact 
agreement between d-c. and 60-cycles a-c. resistivity of com- 
pounds at temperatures above their melting points. Divergence 
occurs only at lower temperatures where the compound is in 
solid form. There is a sharp upward break in the resistivity 
curves when the solidifying temperature is reached. 

The conclusions arrived at by Messrs. Del Mar and Hanson 
concerning dielectric strength are not so convineing. They at- 
tempt to explain the dielectric breakdown by this same theory 
of ionic conduction. If they are referring to slow breakdowns 
of the accumulative heating type their theory holds quite well, 
such failures should be called conduction breakdowns, but the 
term dielectric strength is recognized as applying only to those 
breakdowns that oceur soon after the test voltage is applied and 
before accumulative heating takes command. 


Under these conditions there is no relation between dielectric 
loss and dielectric strength of cables. Quite often cables having 
the lowest dielectric loss also have the lowest dielectric strength 
and vice versa. Still more convincing proof that the conduction 
and dielectric strength are unrelated is furnished by tests on the 
compound alone. Here, there are no cellulose fiber barriers, the 
charged particles have a free path between electrodes. One 
would naturally expect the relationship to be brought out more 
distinetly than in cables. ‘The results, however, are even more 
divergent than in cables. Compounds having low resistivity 
often have high dielectric strength. If moisture or dust is added 
to a compound of high resistivity its dielectric strength can be 
reduced to a negligible value without effecting its resistivity at 
all. The resistivity of any compound varies enormously with 
temperature while its dielectric strength is effected hardly at all 
by temperature. This same temperature characteristic holds, 
approximately, for solid insulations. 

I have studied dielectric strength for a long time, and have 
never found a theory that applied better than the old analogous 
theory of mechanical impact stresses and strains. 

There appears to be a tearing apart of the molecular structure 
similar to mechanical rupture. Some materials are electrically 
brittle and some electrically elastic, analogous to mechanical 
brittleness and elasticity. 


One of the most vital factors appears to be concentration of 
stress, set up by local high frequency. As an illustration, a 
poorly filled cable can be considered. Every one knows that a 
poorly filled cable has relatively low dielectric strength. This is 
due to concentration of stress, set up by local high frequency. 
When the applied voltage reaches a certain value, the voids in the 
cable cross section are ionized. At first it is merely a faint glow 
but as the voltage increases there is an increase in intensity of 
discharge and appearance of local high-frequency oscillation. 
The localized stress thus caused tends to start rupture and final 
breakdown. This might first start at the conductor, at the 
sheath or wherever the voids happen to be located. 

Mr. DuBois, in his present paper advances a theory of dielec- 


tric loss somewhat at variance with that of Del Mar’s and Han- 


son’s. He attempts to account for dielectric loss as due to a 
certain peculiar behavior of moisture content. I believe if both 
theories were combined in their proper proportions a very good 
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working theory would be produced. The whole trouble seems 
to be that Del Mar and Hanson ignored moisture while Du Bois 
over-emphasized it. It is only in cable not thoroughly vacuum 
dried that the moisture component of dielectric loss is comparable 
with that component produced by the conductivity of the im- 
pregnating compound. I am certainly inclined to agree with 
Del Mar and Hanson in their conclusion that the last named 
component predominates in modern, low loss cable. All of our 
experience points in that direction. 

Messrs. Middleton, Davis and Dawes deserve a unanimous 
vote of thanks for their splendid paper and the admirable way 
in which they have handled dielectric strength, a subject in- 
volving many, as yet, unknown factors. Their empirical 
results are original and impressive. It will be interesting to see 
how well they stand the test of time and additional trials. 

If Mr. Middleton had looked up a paper on cables presented 
before the Institute in 1917 by W. S. Clark and myself he would 
have found evidence supporting his conclusion that automatic 
grading due to voltage stress and temperature distribution is of 
negligible amount. 


Mr. Shrader’s paper on “‘Corona in Air Spaces in a Dielectric”’ 
does not leave much room for doubt concerning the cause of the 
peculiar and abrupt change in dielectric loss that occurs in 
practically all commercial forms of solid dielectrics when the 
voltage is increased. It is, as we have always contended, due to 
ionization of the entrapped gas. It is to be regretted that Mr. 
Shrader did not include data on permittivity, temperature, etc., 
which would have enabled those engineers who have worked along 
similar lines to make a better comparison between his work and 
theirs. His method of. presenting results is, in every other way, 
exceptionally good, but I do not agree with his conclusions that 
these results cannot be theoretically applied. 


J.L.R. Hayden: In our investigation on insulated materials 
during the last few years we made the same observations, which 
are in good agreement with Mr. DuBois explanations on the 
effect of moisture in insulating materials. We have been able 
to reproduce experimentally some of the phenomena discussed 
in the paper in such a manner that they ean be visually observed. 
For instance, the action of moisture particles in forming threads 
and bridging between terminals, is illustrated in Fig. 1 of the 
paper. This can be shown conveniently in the following manner. 
As insulating materials we use a light colored viscous oil; as 
terminals two spheres of 2.5 em. diameter and 1 cm. distant, and 
impress about 10,000 volts between the spheres, that is, much less 
than the voltage which the oil gap would stand, Then’a small 
amount of moisture is dropped on the oil by a dropper, in small 
drops. These drops can be observed to drop slowly through 
the oil, until they approach the electrostatic field. Then they 
are rapidly sucked into the field, and each drop elongated into a 
thread, and the thread lengthens, until it bridges between the 
electrodes. Then a flashover and the thread is destroyed by 
turning into steam by the heating effect of the current through | 
it. In this manner flashes occur for a considerable time in 
intervals of a few seconds by drops entering the gap, lengthening 
into threads and bridging the gap. 

Very interesting and suggestive also are the motions of the 
drops, which depend on their position in the electrostatie field, 
and on the nature of the field, whether unidirectional or alter- 
nating. 

N. L. Morgan: Mr. Simons has mentioned several theories 
which attempt to account for the breakdown of single-conductor 
cables having the radio R/r greater than 2.72 and he has also 
suggested another theory to explain the results obtained by 
Fernie. After reading his paper, I do not feel entirely satisfied 
with his explanation. I think that it is an advance over the 
other theories that have been suggested but do not think that. 
it has been carried far enough. 

I do not see how insulation can be overstressed and at the 
same time not destroyed. Several investigators have shown | 
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that so-called “‘overstressed insulation” is really due to tempera- 
ture rise, and the effect eliminated after a period of rest. It 
seems to me that the breakdown of single-conductor cables, 
having the ratio R/r greater than 2.72, is due to change of 
dielectric constant of the portion of the insulation near the con- 
ductor. As a voltage is applied to the cable, the stress in the 
portion of the insulation, near the conductor increases and con- 
sequently the increasing dielectric loss causes the temperature to 
rise. Although the a-c. dielectric constant does not change 
below 50 deg. cent. it does vary considerably above 100 deg. cent. 
If, therefore, the inner portion of the insulation is several degrees 
hotter than the portion near the lead, we may have the equivalent 
of a cable with graded insulation and the cable would withstand 
higher voltages than would be expected. 


This also explains Fernie’s statement that small conductor 
cables withstand higher maximum stress than large conductor 
cables with the same insulation wall. 

From the above one might think that the greater the dielec- 
tric loss of a cable is, the hotter it will get and therefore the greater 
will be the breakdown voltage of the cable. But as mentioned 
above, breakdown is really a charring of the dielectric, that is, 
a strictly physical phenomenon, and the cable with the greater 
dielectric loss will reach this charring temperature first. 

When voltage is applied suddenly, the heat generated near the 
conductor where the stress is greatest has not sufficient time to 
be conducted away and the grading effect will be much more 
marked than if the voltage is increased slowly and the heat 
given time to be conducted to the sheath. That is, a cable will 
withstand a higher voltage when it is applied quickly than when 
the cable is subjected to long period test, which has been found 
to be the ease in practise. 


It seems to me that a satisfactory theory of dielectric break- 
down, will not be arrived at until we take all the factors into 
consideration. ‘The theory cannot be based on only one class 
of observations, but must be based on the temperature of the 
dielectric, its dielectric loss and constant, its insulation resistance, 
its specific heat, the thermal conductivity, its shape, its dimen- 
sions, and the inter-relation of these different properties. When 
all these things have been taken into account, then we will be 
in a position to formulate a theory of dielectric breakdown. 


C. P. Steinmetz: An extensive investigation of this problem 
of the mechanism of the breakdown of solid insulation, has been 
carried out during the last few years in my laboratory by Mr. 
Hayden and his assistants, in which we derived the conclusion, 
or rather, are forced more and more to the conclusion that there 
exists no such thing as a definite breakdown voltage or break- 
down, gradient of solid insulation. 

It seems to look more and more as if the electrical breakdown 
of solid insulation under electrical over-stress is not analogous to 
the mechanical breakdown of a structure under mechanical 
overstress, but is a phenomenon of an essentially different 
nature, and different character, and is related to the electrical 
characteristics of the third class conductors. I have discussed 
this type of conductor on a number of occasions, the so-called 
pyro-electric conductor. It is a type of conductor little studied. 
It is characterized by a volt-ampere characteristic in which over 
a certain range of current, the voltage decreases with increasing 
current; so that in such a conductor, if we impress a voltage and 
gradually increase it, the current passing through the conductor 
first increases proportionately to the voltage, then begins to 
increase more than proportionately to the voltage, and finally, 
the resistance decreases with increase of current at such a rate that 
the voltage does not further increase, but the current continues 
to inerease. A further increase of current results in a decrease 
of the terminal voltage across the conductor, and with increase 


of current, the voltage decreases to a minimum. Beyond this 


the voltage may again increase slightly. That is, in such a 
conductor there is a maximum voltage point at a certain inter- 
mediate current. The results of our investigation seem to show 
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that what we call a solid insulator, is, at least in many cases, a 
third-class conductor—a conductor of a type in which the cur- 
rent at the maximum voltage point is extremely low. 

Considering then the solid insulator as such a third class 
conductor. By impressing constant voltage on it, and gradually 
increasing the voltage, you will find that the current, passing 
through the insulator, increases, first proportional to the voltage, 
and then more than proportional, until the maximum voltage 
point is reached, and there the current runs away, rapidly, 
practically instantly rises, up to the short-circuit current of the 
voltage supply, which means the destruction of the conductor 
by heat and the elimination of all that can be seen. We have 
succeeded, by limiting the power, to carry these volt-ampere 
characteristics of the insulator beyond the maximum voltage 
point, and observe that part of the volt-ampere characteristic, 
where the increase of current means a decrease of voltage, where, 
as we would speak of insulators, the insulator is over-stressed. 
We find that at the maximum voltage point, which would be 
considered in general as the breakdown voltage, the disruptive 
strength of the insulator is not impaired, and we may go materi- 
ally above this, and still have the insulator unimpaired, no change, 
no damage. It is the unlimited concentration of energy, result- 
ing from this characteristic at constant voltage supply, which 
leads to the destruction which we eall breakdown. 


But, by limiting the energy, we have been able to go beyond 
the maximum voltage, and we have been able to study the 
behavior of solid insulation in this range. 

From this it follows that in dielectric fields where the shape 
of the field is such as to limit the energy which can be concen- 
trated in an overstressed portion of the dielectric, as is the ease, 
for instance, with a cable with a high ratio of external to internal 
diameter,—with such a structure a part of the insulation can 
be stressed above the so-called breakdown point of the insu- 
lator without changing the insulation. 

In this ease the logarithmic law of voltage distribution does 
not apply any more. 

You see all these are conclusions which have been brought out 
very nicely in a number of these papers. Furthermore, it follows 
that the rupturing voltage of a solid insulator, with continuous 
voltage and alternating voltage, are in a constant relation, 
and this relation depends on the nature of the insulator, and 
this seems to offer a possibility of the study of actual voltage 
distribution in the insulator, not merely at breakdown where 
the voltage distribution really means but little, but before and 
after the breakdown, and so get some idea of the mechanism 
of the breakdown. 

It follows, for instanee, that with regard to the overstressed 
portion of the insulator, the voltage gradient does not collapse, 
but remains finite, though lower than in the portion of the insu- 
lator which is not overstressed. 

We may consider the maximum voltage point of the solid 
insulator as third-class conductor, as the breakdown point. 
However, this maximum voltage point of the volt-ampere 
characteristic is not a constant, but depends on very many con- 
ditions. It depends on the nature of the insulator, on the 
energy developed in the insulator, or near the insulator; on the 
heat conductivity and on the heat storage capacity of the 
insulator and of all surrounding material, and also on changes 
taking place in the insulator with temperature, ete. Mr. Roper’s 
paper was interesting in showing a number of features that 
bring this out, although I have not had time yet to numerically 
check up these figures. 

There is still a large amount of work which will have to be 
done, before we can really be perfectly certain of this conception 
of the solid insulator as a third-class conductor, by which the 
electrical volt-ampere characteristics determine the behavior 
of the insulator in the electrostatic field. There will still have 
to be much experimental work done, and the conclusions which 
we derived therefrom, verified; but it is to be hoped, at a meet- 
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ing similar to this, it will be possible for Mr. Hayden to present a 
paper on the mechanism of breakdown of solid insulation. 


G. A. Anderegg: In connection with the problem of dielec- 
tric loss in power cables it may, perhaps, be of interest to make 
a brief statement regarding similar losses in telephone cables 
at frequencies higher than those customarily considered in 
power circuits. 

Telephone transmission ordinarily occurs at voltages far below 
the limiting strength of the insulation, and the entire power loss 
in such cables normally has no appreciable effect upon their 
temperature. In such eases the dielectric losses are of import- 
ance, therefor, not from the standpoint of heating or of break- 
down strength but from the standpoint of attenuation, especi- 
ally in ease the cables are artificially loaded with inductance or 
are operated at the high frequencies used for “‘carrier’’ transmis- 
sion, when the dielectric loss may add substantially to the total 
power loss and transmission loss. It is, therefore, important, 
especially in long loaded eables, to take special precautions to 
have the dielectric loss as low as possible. 


It has long been recognized that the capacity and insulation 
resistance as measured with direct current by means of a galva- 
nometer do not accurately represent these properties for a 
cable operated at frequencies of hundreds or thousands of cycles 
per second. Great numbers of measurements of capacity and 
dielectric loss of circuits in telephone cables have, therefore, 
been made by means of a specially designed bridge, briefly de- 
scribed by G. A. Campbell in the Electrical World and Engineer, 
April 2, 1904. It has been found convenient to express the 
results of dielectric loss measurement in the form of the conduct- 
ance of the cireuit; 7. e., the admittance of an actual circuit 
having capacity and dielectric loss is represented as if it consisted 
of a pure ideal capacity shunted by a conductance. To make a 
ready comparison of different circuits, it has been found con- 
venient to consider for each the value of the ‘‘damping constant” 
G/2C, in which G is the conductance in micromhos and C the 
capacity in microfarads. This expression appears in one form 
of the attenuation constant for a loaded cireuit, and when its 
magnitude is known for the desired frequencies it serves to 
indicate the quality of the insulation from the standpoint of 
dielectric loss. 

With the types of insulation most commonly used in telephone 
cables it has been found that the conductance is approximately 
proportional to frequency throughout the ordinary range of 
telephone frequencies, though increasing somewhat more 
rapidly than proportional to frequency. It is independent of 
the applied voltage so long as this is kept well below the break- 
down strength of the insulation, as is the case in normal telephone 
operation. 

Since the conductance increases with frequency it follows that 
for a given effective voltage the dielectric loss is greater with a 
complex wave form than with a pure sine wave form, because 
the higher frequency components of the complex wave form act 
upon a higher conductance and, therefore, contribute a greater 
dielectric loss than they would if conductance were independent 
of frequency. This fact may have some bearing on the advantage 
of a good wave form for power transmission in cables. 


In many telephone cables low capacity and low dielectric loss, 
rather than high breakdown strength, are controlling require- 
ments. The design of such cables differs greatly from that of 
power cables, the commonest form of insulation being air and dry 
paper without impregnating material, only enough paper being 
used to give the spacing of wires needed to secure the desired 
capacity and the necessary firmness to make it possible to handle 
the eable successfully during installation. Such construction 
makes possible a very low dielectric loss. In some eases the 
power factor, or sine of the ‘‘imperfection angle” at 1000 cycles 
per second may be as small as 0.002, or sometimes even less. 

Changes in design or treatment which tend to increase the 
insulation resistance for direct currents usually tend also to 
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decrease the conductance for alternating currents and to de- 
crease the excess of the capacity at low frequencies over that at 
high frequencies, though there are no definite relations between 
these quantities. In the ordinary ranges of working temperature 
the conductance of the usual types of telephone cables increases 
with increase in temperature, though in many cases there is a 
temperature of minimum conductance, below which a further 
decrease of temperature again results in increased conductance. 
Certain insulators, for example rubber compounds and gutta 
percha, in many eases show a very markedly higher conductance 
at temperatures approaching the freezing point of water than 
at more ordinary room temperatures, although their direct- 
current insulation resistance is much greater at the lower tem- 
perature. 

W.D. A. Peaslee: With reference to the paper by Messrs. 
Middleton, Dawes and Davis, there are several very interesting 
points brought out that add materially to the large amount of 
data that has accumulated during the last few years leading to a 
serious question as to the validity of our past theorie’ with regard 
to the mechanism of breakdown of a dielectric. 

It would seem that it is time for a very serious consideration 
of our past theories in the light of the accumulated evidence of 
the last ten years of investigation in the field of the so-called 
dielectrics to see if there is not something fundamentally wrong 
with our ideas regarding these materials. For sometime I have 
been drawn very positively to the feeling that there is no such - 
thing as a dielectric, that the substances we have ordinarily 
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regarded as dielectrics are merely conductors of enormously 
high resistivities and furthermore the accumulating data secured 
by means of high-voltage direct current with considerable energy 
available, points to the conclusion that most of the so-called 
dielectrics are conductors wherein.at some point of the volt- 
ampere characteristic the volt-ampere coefficient changes from 
positive to negative following more or less the curve shown in 
Fig. 1. Dr. Steinmetz’ remarks at this meeting have strength- 
ened very greatly the author’s convictions in this matter. If we 
refer to Fig. 1 we note that for a certain increase of current the 
voltage across a given path of such an insulating material (so- 
called dielectric) increases in proportion to the increase in current 
density. At the point ‘‘A”’ on the curve this increase departs 
from a strict proportionality, the coefficient steadily decreasing 
until at B the coefficient has become O and an increase in cur- 
rent density does not entail an increase in voltage. Beyond the 
point B an increase in current density actually occurs with a 
decrease in voltage across the conducting path. 

We have, in the past, rather accepted the mechanism of dielec- 
trie breakdown as expressed in the old rule ‘‘whenever for a 
finite period of time the dielectric flux in a given dielectric ex- 
ceeds a certain critical value for that material the dielectric is 
destroyed.” I think that this theory is subject to very positive 
challenge in the light of present accumulated data. The accept- 
ance of such a theory of breakdown has led to the discrepancies 
in interpretation of observed data, such as have been brought out 
in the paper by Fernie’s “Minimum Stress Theory” and other 
theories discussed in these papers. : a 

‘Let us for a moment examine what occurs in a cable as voltage 
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is applied between the conductor and sheath. Admitting for a 
moment the hypothesis that the so-called dielectric is merely a 
conductor of the class described of extremely high resistivity, 
assume a conductor of radius r surrounded by an insulating 
material whose volt-ampere characteristic is given in Fig. 1 
which is in turn surrounded by a lead sheath whose inner surface 
is at a radius R from the center of the conductor. We will 
designate as x the radius of any point under discussion at any 
time. As voltage is applied between the conductor and sheath, 
a very minute current will begin the flow through the insulating 
material. The current density naturally is greatest at the sur- 
face of the wire, decreasing, at a given applied voltage, as we 
approach the lead sheath. As the voltage is increased the cur- 
rent flowing through the insulating material increases in pro- 
portion to the applied voltage until at the surface of the wire the 
current density reaches the value corresponding to point A on 
the curve of Fig. 1. As the voltage increases, the point at which 
current density equivalent to A exists, moves out from the sur- 
face of the wire to a point x within the insulating material. At 
this moment the insulating material between a radius R and ra- 
dius xis carrying a current density corresponding to a point be- 
yond the point A on the curve and we will say for the moment 
that the current at the wire surface corresponds to the point B 
when the current density at radius x corresponds to point A. 
Until the current density at the surface of the wire reaches a 
value greater than that density corresponding to point B, 
there is no part of the insulating material in which the conducting 
path is operating with a negative voltage current characteristic. 
The part from radius x to radius RF is still operating at a current 
density corresponding to points somewhere between 0 and A on 
the curve. The result is a stability of the insulating sheath. 

At this point, if the voltage is increased, the radius at which 
- the current density corresponds to the point A will move farther 
towards the sheath. The radius at which the current density 
corresponds to point B will move out from the conductor surface 
‘ into the insulating material. We will then have in the insulating 
material three zone conditions: 

1. The point from radius x to rddius R corresponding in 
current density to points between O and A. 

2. A distance from radius x to radius x carrying current 
densities corresponding to the part of the curve A-B. 

3. Portion of the material from radius x; to the conductor 
surface in which the current characteristic has become negative 
and corresponds in current density to the part of the curve 
beyond B. 

If at this point the total voltage current characteristic of the 
path from the conductor to the lead sheath is still positive, the 
insulating material is in stable equilibrium and breakdown will 
not result. However, the moment the composite voltage- 
current coefficient of the path from the conductor to the lead 
sheath becomes negative, the current begins to increase rapidly 
and the insulating material will be destroyed by heat. This is 
the so-called puncture voltage and is really not a puncture volt- 
age but is a voltage at which with the given material and spacing, 
the composite volt-ampere coefficient of the path from the con- 
ductor to the sheath becomes negative. 

The current herein discussed is the pure conduction current 
such as would be produced with the application of direet-current 
voltage. The capacity current flowing under alternating voltage 
serves merely to raise the temperature of the insulating material. 
Due to the negative temperature resistivity coefficient of many 


insulating materials however, this capacity current has a very’ 


decided effect on the voltage at which the current density in the 
insulating material becomes great enough to destroy the material 
by heating. ‘This explains certain of the discrepancies in alter- 
nating and direct-current breakdowns of insulating materials. 
Under this theory also the effect of time of application of voltage 
in the breakdown voltage becomes apparent as merely the time 
element of an energy function. 
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It is well known that gaseous conduction presents character- 
isties of a conductor of the class described and that this conduc- 
tion is an electronie or ionic migration. In a solid insulating 
material the ionic motion is restricted, but there is an enormously 
greater supply of electrons or ions available and it seems an 
entirely tenable theory that this conduction in materials of this 
class.is electronic or ionic in nature. Viewed in the light of this 
hypothesis, Mr. Peek’s Energy Distance Theory acquires wider 
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meanings and the ratio of q equals 2.72 takes on a rather 


definite meaning. Our older theories of the mechanism of a 
breakdown of a dielectric have led to contradictory theories and 
ideas and the mass of data that have been accumulating does not 
seem to admit of explanation throughout the entire field without 
rather startling hypotheses and exceptions being made. 


I cannot accept completely the theory of an over-stressed 
dielectric still carrying a certain amount of voltage gradient by 
some mysterious virtue of its geographical position. When we 
examine this phenomena under the light of the above discussed 
hypothesis, a certain amount of light seems to be thrown on some 
of our more serious problems in the insulation field. I should be 
very glad to have others who have been studying this field 
examine this hypothesis critically as I believe there is some merit 
in the theory and considerable evidence to support it, especially 
from our researches of recent periods. 


F. Fernie: The writer is greatly interested in Mr. Simons’ 
interpretation of his (the writer’s) experiments. 

The conception of an over-stressed dielectric still carrying its 
share of the voltage is new to the writer, and he is inclined to 
abandon the ‘‘skin-resistance’”’ theory in favor of it. Indeed 
the ‘‘skin-resistanee” theory was only presented for want of 
something better. It has been suggested as a possible explana- 
tion that the dielectric constant of an insulation may alter under 
an electric stress; the writer’s informant having some recollection 
of experimental work done on porcelain in this connection, but 
the writer has been unable to trace it. 

As Mr. Simons points out, the difficulty in forming a conclusion 
is the lack of data. 

The only results the writer has been able to find are in a paper 
by Dr. Klein abstracted from the E. T. Z. in London Electrician 
dated Dee. 26th, 1913. 

The following table is taken from Dr. Klein’s paper, which 
deals with single-conductor paper eables. 


3 mm. thickness of 6 mm, thickness of 


insulation insulation 

A B Cc D E F 
Area in sq.mm...... 16 50 240, 16 50 240 
Minimum........... 20.0 20.0 20.0 | 35.0 30.0 50.0 
Meanie 3, cient iaeeetie 40.3 36.6 37.2 | 56.5 62.0 70.3 
Maks hes decreed prota 49.3 49.0 54.0.| 70.0 84.0 95.0 
POS Re eee ENE CT 20.3 15.8 14.3 18.3 16.1 14.9 
Bges octets sees oe 25.4 20.8 17.6 | 23.5 20.6 19.0 


There were apparently 60 to 80 tests made on each size cable. 
The figures in the first 3 columns are the breakdown values in 
ky.: EF; and Ey» are the maximum stresses at breakdown caleu- 
lated from O’Gormans’ formula (£)), and Deutschs modifica- 
tion (#2), in kilovolts per millimetre. 
ise The minimum stresses calculated from Klein’s EH figures are: 


A - 8.8 ro 
8.9 E 6.3 
10.5 F 7.9 
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These figures are inconclusive, as is to be expected, when there 
is such a big diversity between the maximum and minimum 
values found for similar samples. Still by making a selection 
from Klein’s figures, a good case could obviously be made for a 
constant minimum stress. Mr. Simons attributes such diverse 
results to ‘‘the inherent lack of uniformity of insulating materials.” 
The writer disagrees with this view, and regards non-uniformity 
as ultimately a surface tension effect. 


Probably everyone is familiar with an experiment by which 
potassium permanganate solution can be filtered with blotting 
paper so as to emerge nearly colorless. The same. effect tends 
to take place in the impregnation of paper eables. If the paper 
is wound on rather tightly so that the compound is foreed to go 
through the paper, rather than between adjacent layers, analysis 
will show that the compound which reaches the inner layers of 
paper is different from that on the surface layers. There are 
then a variety of reasons for non-uniformity: (1) Tension 
with which the paper is lapped; this may he varied in several ways, 
during the lapping of one length of cable. (2) Variation in the 
mixing of the compound ingredients; possibility of different 
phases; as solution of A in B, or solution of Bin A. (8) Age 
of the compound, e. g. time elapsing since mixing and amount 
of stirring done. As is well known spirit varnishes are particu- 
larly sensitive intheserespects. (4) Temperature of compound. 

It may be concluded then that paper cable making is by no 
means an exact science, and cable makers are unable to predict 
exactly what the breakdown of a particular design will be, even 
from the purely empirical data gained from experience. 

Returning now to the minimum stress theory the writer, 
reasoning from the behavior of concentric electrodes, concluded 
that the breakdown voltage between two adjacent conductors 
would depend on the stress on the insulation situated midway 
between them. He evolved the following formula for the 
breakdown voltage: 


x zg + 2r x x -+ 2r \2 
2 tose — 
m re +5 ) log 2r ( Or ) : 
Vims = —— 
af x? + 4rx 


zis the thickness of insulation between conductors, and r is the 
radius of the conductors. K is a constant for any one kind of 
dielectric. (In one series of tests with paper K = 389). 

This formula has given fairly accurate results with some kinds 
of insulation, but the writer has not made nearly enough experi- 
ments to justify him in presenting it as “‘Highly probable.” It 
is given here as of possible interest in connection with Mr. 
Simons’ paper. 

L. L. Perry: Mr. Roper shows, in Fig. 12, values of ‘‘Die- 
leetric Loss Assumed for Purposes of Caleulations.’’ His method 
seems an excellent one and on comparing with his assumptions the 
results of tests made on some recent 3-conductor cables of 400,000 
cir. mils used on 13,200-volt circuit, I have thought the results 
might be of interest to the Institute. As will be noted by accom- 
panying curve, Fig. 2, at temperatures above 85 deg. cent. Mr. 
Roper’s assumed characteristics give somewhat higher values 
than these tests show, and so are on the safe side. At tempera- 
tures below 85 deg. the tests on all but cable C-2 also show lower 
values than in Fig. 2 of Mr. Roper’s paper. 


It is thought Fig. 3 which gives the average power factor for 
each of the four cables tested, may be of interest, as presumably 
this should be about the same for different sizes of conductor at 
the same temperature. 

In these tests the power factor curves when plotted to the 
arithmetical-logarithmie scales, as shown, follow closely the 
shape of the loss curves. 

The power factor at any definite temperature varies but 
little with a change in voltage from 7000 to 17,500 volts, the 
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of about 8 per cent, and below 85 deg. cent. about 25 per cent. 
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400,000 cir. mils., 3-conductor cable, 7 ft.382in.x7 ft. 32 in. paper insulation 
—7000 to 17,500 volts, 3-phase tests. Three makes, C-1 and C-2 of same 
make. Note: Above 85 deg. cent. the tests showed a maximum variation 
in power factor at any temperature of only about 8 per cent from the 
average shown for voltages from 7000 to 17,500. For temperatures below 
85 deg. cent. the maximum variation was about 25 per cent. 


These are similar to the results in the power factor figures given 
in Clark and Shanklin’s, A. I. E. E. paper of June, 1917. 
W.A.Del Mar: Dynamo-electric machines and transformers 
are now susceptible of design with wonderful exactness. Designs 
made to any performance specifications would differ but little 
whether made by one manufacturer or another, and the perform- 
ance would fulfill predictions with very little margin of error. 
This is because the theories of the magnetic circuit, of electro- 
magnetic induction, and of the generation and flow of heat, are 
well understood and their bearing upon practical design are 
appreciated. rexty 
It is not so with electric cables whose insulation has seemed 
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to us as capricious, in its behavior, as the magnetic circuit must 
have seemed to dynamo designers in the days of the long-pole 
Edison dynamos. 

It is hoped that this symposium will be the starting point for 
research which will be as epoch-making as Hopkinson’s work on 
the magnetic circuit, which put dynamo design upon its present 
basis of exactness. The papers which have been presented do 
not record any startling discoveries, but taken in the aggregate, 
they show that cable engineers are alive to the problems before 
them and that both manufacturers and operators are closing in 
upon some basie facts and devising ingenious theories that may 
lead eventually to the solution of the major problems. 

While not part of this symposium, Dr. K. W. Wagner’s recent 
Institute paper should be studied in connection with the present 
group. 

It is interesting to note that two papers are devoted to theories 
of dielectric loss; that they are both based upon imaginary 
microscopic views of the insulation, which reveal a heterogeneous 
structure, and that both blame the dielectric loss upon this hetero- 
geneity. The two theories differ in that in one, moisture parti- 
cles are held to be the culprits, whereas in the other, the impreg- 
nating compound is blamed. 

There is no doubt about the fact that moisture was to blame 
for the high dielectric loss of many of the cables of years ago. 
These cables were not thoroughly dried, both the paper and the 
oil containing moisture in considerable quantities. The power 
factors of such cables, when plotted against oil resistivities, do 
not lie anywhere near the theoretical curve in Fig. 3 of our paper. 
For example, an oil resistivity of 0.5 X 10!” ohm-em. corresponds 
to a theoretical power factor of 5 per cent at 85 deg. cent. A 
eable with about 2 per cent moisture, as derived by vacuum 
dessication at 130 deg. will have a power factor of about 18 per 
cent. The water, in such a ease, is the principal factor deter- 
mining dielectric loss. In our paper we expressly state that in 
applying the theory it is assumed that practically no moisture 
is present, as a very small proportion will have a greater effect 
than even a fairly large reduction in the resistivity of the oil or 
cellulose. Our theory is intended to explain that element of the 
dielectric loss which occurs in a well-dried cable, and it has been 
found to be so reliable, as a working guide, that we can confi- 
dently state the power factor of every length of cable made in 
the factory merely by making resistivity tests of the oil. Since 
the wr ting of the paper, an experimental point has been obtained 
for Fig. 3 corresponding to a resistivity of 6 X 10!*ohm-cm. The 
theoretical value of the corresponding power factor was 2.04 per 
cent; the experimental value was 2.1 per cent. We are pleased 
to note that: Mr, Shanklin’s views support our own. 

We may thus claim to be able to scientifically design cables 
for power factors. Having accomplished this, our next step was 
to try to design for dielectric strength. The first obstacle to be 
encountered was the lack of formulas to express a relation between 
the dielectric strength of the insulation and the breakdown voltage 
of a cable. A fundamental difficulty stood in the way; the ap- 
parent dielectric strength of flat samples varied with their area 
and thickness. Dr. Wagner came to the rescue with his mosaic 
electrodes, which enabled true dielectric strength to be measured. 
Knowing the true dielectric strength of the insulation how can 
the breakdown voltage of a cable be calculated? Mr. Peek has 
given a working solution in the case of single-conductor cables 
which may be expressed by the formula 


BE=238(r +117) logio— 


Where EH = breakdown tension, kv. 


S = dielectric strength, kv./em. 
R = outer radius of insulation, em. 
r = inner radius of insulation, em. 


In the case of triplex sector cables which we have tested 
E = 0.9 St 
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Where # = breakdown voltage between conductors, ky. 
S = dielectric strength, kv./em. 
t = thickness of insulation between conductors, em. 

With the same kind of insulation, these two formulas give 
about the same value of S. Our own experiments confirm Mr. 
Peek’s formula far more strikingly than the experiments cited 
by him. For example, twelve single-conductor cables having 
r = 1.04em. and R = 2.67 em. broke down at an average of 
200 kv. the same value being attained at 25 deg. and 85 deg. cent. 
Mr. Peek’s formula also gave 200 ky. 

Some experimental data published by Dr. Klein in the E. T. 
Z. and abstracted in the London Electrician of Dec. 26, 1913, show 
a much more uniform stress atthe energy distance suggested by 
Mr. Peek than either at the conductor surface or the sheath sur- 
face. 

Equipped with these formulas the next step was to find the 
factors upon which the value of the dielectric strength S depends. 

The ion-baffle theory was applied in the following way. The 
dielectric strength of impregnated paper insulation in a cable may 
be expressed by the following formula: 

S = SBF 
Where S = dielectric strength of impregnated paper in cable, 


So= dielectric strength of oil, 
B = factor expressing baffling effect of paper, 
F = factor expressing variations other than those affect- 


ing the factor B. (Principally factors affecting the 
formation of vapor pockets.) 
The range of variation of the above quantities with ordinary 
commercial materials and processes is about as follows: 


So 20 — 33 
B 2.0 — 5.0 
F 0.5— 1.0 


Hence, the maximum and minimum values of S would be 165 
and 20 respectively, but the combination required to produce so 
low a dielectric strength as 20 ky./em. would be rare. Most 
commercial cables run between 50 and 100 ky./em. ‘The stress, 
in this case, is assumed to be calculated by the formulas given 
above. 

By analyzing the causes of the variation in each of these fac- 
tors, it has been found possible to raise their values and so greatly 
increase the dielectric strength of the insulation. 


I am pleased to note Mr. Shanklin’s general concurrence with 
our theory of dielectric loss and with our conception of ionic 
migration in oil. While he agrees that this conception serves to 
explain both ordinary conduction and dielectric failure under 
long applications of tension, he takes exception to applying it to 
explain failures under short applications of tension. He cites 
two reasons for this point of view. The first is that cables of 
low dielectric loss and therefore of low ion mobility, often break- 
down at low voltages on short period tests, and the second is that 
impregnating compound of high resistivity and therefore also of 
low ion mobility, often has very low dielectric strength. He 
argues from this that as low ion mobility does not result in high 
dielectric strength, the failure of insulation cannot be due to the 
mobilization of ions. 

There is a general answer to both of these reasons, namely, 
that the kind of ionic mobility that constitutes the conductivity 
of the insulation is obviously the average mobility, whereas, that 
which would lead to sudden dielectric failure would be a local 

.maximum mobility. Such a local maximum is not necessarily 
proportional to the average, especially in dielectries of such com- 
plex nature as either impregnated paper or impregnating com- 
pound. There is also a special answer to Mr. Shanklin’s first 
objection, namely, that the ionic mobility of the impregnating 
compound only affects the factor So in the above formula, 
whereas, the low breakdown voltage of the cables may have been 
due to low values of the factor B or F. 

Mr. Shanklin has called our attention to a very important 
element in cable failure, namely, the establishment of local 
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high-frequency surges at vapor pockets. Jam inclined to believe 
that practically every cable that fails on five-minute test, fails 
from this cause, but I do not believe that a failure will start at 
either the conductor or the sheath because these large masses 
of metal would prevent any sudden local temperature rise in the 
insulation adjacent to them. It is generally the heating due to 
these surges which creates the local maxima of ion mobility 
referred to above. 

A eurious fallacy has obsessed cable makers for many years, 
namely, that the thickness (2. e. viscosity) of the compound 
should be so great that it will not flow in the cable. In the 
attempt to follow this theory, compounds have been made of 
heavy mineral oils thickened with resin. This theory would 
have been satisfactory if cables were stationary apparatus, but 
it neglected the fact that cables have to be bent in manufac- 
turing, testing, installing and splicing. When a cable is bent, 
it is contracted on the inside of the bend and expanded on the 
outside. If the oil is too viscous, it will not flow from the inside 
to the outside of the bend, and therefore, the cable will be 
dielectrically weak due to vapor pockets on the outside of the 
bends. Cables made with oil of a viscosity properly adjusted to 
the paper tightness, break down at the same voltage hot or cold. 


K. W. Wagner’s interesting paper delivered at a Chicago meet- 
ing of the Institute this year should be read in connection with 
Mr. Roper’s paper, as both arrive at similar conclusions from 
entirely different avenues of approach. In this paper, the 
theory is advanced that solid dielectrics fail due to their neg- 
ative temperature coefficients of resistivity. If heat is gener- 
ated in a filament of insulation more rapidly than it can be 
dissipated, the resistivity will fall off cumulatively until it is so 
low that the current becomes high enough to burn the filament. 
According to this theory, it is the slope of the resistivity- 
temperature curve and not the actual value of the resis- 
tivity which determines dielectric strength. ~ 


Prof. Scott has told us that a successful 25, 000-volt cable was 
installed some twenty years ago and that we are still practically 
at the same stage. The cable he was thinking about was 
installed twenty-two years ago, and practically no important 
progress in cable making occurred in twenty of those twenty-two 
years. The advances recorded at this meeting are the product 
of the last two or three years and are due entirely to the pro- 
gressive spirit of a few manufacturers and to the untiring efforts 
of a few cable users. 


D. M. Simons: I believe that possibly one of the most 
important developments of the discussion is the emphasis laid 
on the negative temperature coefficient of insulation resistance 
by Dr. Steinmetz, Mr. Peaslee and Mr. Del Mar’s quotation 
from Mr.K.W. Wagner. Mr. Peaslee’s application of this idea 
to the ease of concentric electrodes in terms of insulation resist- 
ance and the current density, instead of the more usual method 
of voltage and stress, is most interesting. I believe that even 
if the negative temperature coefficient is not the complete answer, 
it will undoubtedly have to be included in any future theory of 
eable breakdowns. 


While my paper is not really a eriticism of Mr. Fernie’s 
article, but merely an attempt to explain one section of his data 
by a different theory and to emphasize the lack of true constancy 
of his experimentally determined minimum stresses, I was 
especially glad in reading the final proof of the discussion to 
find that he had had an opportunity to comment in writing? 
His remarks have been read with pleasure. Mr. Fernie’s formula 
for the breakdown strength of a multi-conductor cable is interest- 
ing. During the preparation of this paper, the writer also 
developed a formula for the breakdown voltage of a three-con- 
ductor cable on the same theory as that outlined for a single- 
conductor cable, based on the ratio of diameter under lead sheath 
to conductor diameter giving the minimum value of maximum 
stress as calculated for triplex cables in the paper of which 
he was co-author in the January 1921 Journau. This, however, 
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was not included in the present paper, since the theory did not 
seem to be vindicated sufficiently for the case of single-conductor 
cables. 

Many theories have been proposed. The true solution must 
exist, but it undoubtedly cannot be determined until the amount 
of available experimental data is vastly greater than at present. 

J. E. Shrader: I wish to say just one word in regard to the 
potential gradient and the formation of corona, which, as Prof. 
Whitehead has said, is rather a difficult one to caleulate. I 
do not know with our present state of knowledge, that we could 
calculate the potential gradient through the range which is used. 

Dr. Whitehead also spoke of the abruptness with which the 
power factor changes in some eases and not in others. That 
there is a yery abrupt change in some eases, I attribute to the 
fact that there are more uniform layers of gas. With the 
thinner layers it is almost impossible to have a uniform thickness 
of gas layer, in which case there is a gradual variation of the 
power factor. 

J think, as Prof. Karapetoff has said, that we ought not to be 
afraid to tackle these problems on the ionization theory, and 
modern theories which are being produced. I think it is going 
to be a matter of getting at the fundamental data and co- 
ordinating it with modern theory which will solve all of our engi- 
neering problems. 

C. F. Hanson: Referring to the Del Mar-Hanson paper, 
the imperfection angle is the angle by which the current falls 
short of leading the applied voltage by 90 deg. In a perfect 
dielectric the current would lead the applied voltage by 90 deg. 

Other data on the relation of the power factor of impregnated 
paper and the resistivity of the impregnating compound have 
been obtained since Fig. 3 in the paper was produced. In Fig. 
3 the points shown from actual measurements were obtained 
at 85 deg. cent. We have now obtained additional points at 
70, 80 and 90 deg. cent. These points, in addition to the 85 
degree points, are shown in Fig. 4 of this discussion. The 
points all lie very close to one curve. 


POWER FACTOR -PER CENT 


1 2 3 Ae ns 
RESISTIVITY-OHM-CM (MULTIPLY BY 10 ~) 


Fie. 4—ReELatTion oF Powrr Factor or IMPREGNATED 
Paper AND Resistiviry or IMPREGNATING COMPOUND aT 
TEMPERATURES 70 TO 90 Dua. CENT. 


The use of the curve may be illustrated best by an example. 
Suppose the resistivity of a compound at the various tempera- 
tures is as follows: 

Nemprderscente... cores 70 80 85 90 
Resistivity (ohm-em.)....... ye ae Wer ee GA ria eg 

From the curve we obtain the power factor of paper impreg- 
nated with the above compound for the given temperatures. 
Of course the paper has to be thoroughly dried and impregated. | 
The power factors obtained are as follows: ; 

Temp: deg. Counts. «os. ee ane eer ee 70 80 85 90 
Power Factor (per cent)............ 3.0. 3.0 34:0" 4.6 
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The curve does not hold good for 60 deg. cent. or less. 

Mr. Shrader has contributed some valuable information in 
his paper. His curves marked ‘1’ in his Figs. 3 and 12 are very 
interesting. They show that manila paper saturated with 
petroleum jelly has a smaller imperfection angle than white 
India mica at stresses up to 60 kv. per em. Ordinarily we do 
not think of an impregnated paper having any electric qualities 
superior to mica. : 

Referring to his Fig. 14, Mr. Shrader discusses the difficulty 
encountered in obtaining consistent values of power factor and 
potential gradient in the ionization region. We have found that 
one reason for this difficulty is that when ionization is reached 
the deflection of the wattmeter is a funetion of time of the appli- 
cation of voltage. Perhaps a part of the difficulty could be 
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Fig. 5—Tue Errect or Time or VoutTaGE APPLICATION ON 
THE MEASUREMENT OF DigeLEctTRIC Loss WHEN IONIZATION IS 
PRESENT. 


overcome by taking readings after a definite period of applica- 
tion of voltage. The length of the period would have to be 
determined by experiment. It is impossible to obtain readings 
at the moment the voltage is applied because, even though a 
wattmeter is aperiodic, there is a time lag in the deflection. I 
submit a curve, Fig. 5, showing variations of deflections with the 
time of application of voltage. The readings were taken on 
_impregnated paper at 30 kv. Ionization started at about 24 kv. 

The first point on the curve was taken 15 seconds after the full 
potential of 30 kv. was applied to the dielectric. We could not 
obtain a reading sooner because it took 15 seconds for the watt- 
meter to come to a steady deflection. The reading was 90 mm. 
If we could have read the wattmeter the moment full potential 
was applied we would, perhaps, have obtained a reading of 
about 75 mm. as indicated by the curve. The time for building 
up the voltage was about 15 seconds. The curve shows the 
importance of allowing a definite fixed period for building up the 
voltage and a fixed period between the time when full voltage 
is obtained and the time when the wattmeter is read. 

Mr. Shrader has calculated the effective a-c. resistance both 
from the point of view of a fictitious resistance in series with a 
perfect condenser and also in multiple with the condenser. 
If the resistance in series with the condenser be designated as 
r and the resistance in multiple as R, the power factor may then 
be expressed as follows: 


cos 0 = +/r/R (1) 


or 
sin VW = \/r/R 
where ¥ is the imperfection angle and is equal to (7/2— 8). 


(2) 
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The above equation is useful in checking the calculations of 
r and R which have been obtained from 


aaah a be (3) 
and 
R = E?/W (4) 
The power factor is ordinarily obtained from the equation 
phe; 
cos 6 EI (5) 


Values obtained from equations (3), (4) and (5) should satisfy 
equation (1). 

D. W. Roper: Mr. Fisher has apparently misread or mis- 
interpreted the statements in my paper regarding the relative 
merits of foreign and American cables. It is my impression, 
based upon the results of a great many dielectric loss measure- 
ments, made for the company with which I am connected, and 
comparing these with the dielectric loss figures which have 
been furnished me by foreign engineers and manufacturers, and 
also by the figures quoted by Mr. Welbourn this morning, that 
on the question of dielectric loss the American manufacturers 
are not at any disadvantage as compared with the foreign 
manufacturers. 


The figures obtained appear to indicate that the dielectric 
losses of the foreign cables are about on a par with the best 
American practise, and in fact some of the figures obtained from 
a few samples of American manufacture are lower than any I 
have been able to obtain on foreign cables, the only exception 
to that statement being one very special case of a foreign cable 
made with a hollow conductor and impregnated with a thin 
liquid insulation of the nature of transformer oil rather than a 
grease, of the nature of petrolatum, and even in that ease, the 
loss was not materially below the best records of tests published 
in this country. 

Mr. Atkinson made some comments on the bending test 
called for in the English specifications, and in the National 
Electric Light Association specifications. He did not mention, 
however, that the English specifications, although they are more 
severe, call for three cycles instead of two, as is the case with the 
American specification, but they do not permit of any tearing of 
the insulation, whereas the National Electric Light Association’s 
specifications permit a maximum of two layers being torn at 
any one point. 

As a matter of practical experience, we know that with this 
limitation of two torn papers at any one point, there can be 
scattered throughout the cable a great many other tears of the 
insulation, following the bending test, without there being two 
at any one point, and this is a radical point of difference between 
the two specifications. 


We have found, although we have made several hundred 
bending tests in the last four years, that only in cases where the 
insulation is very poor in quality, do we find that the bending 
test shows any difference whatever between the test at room 
temperature and the test at minus 10 deg. cent. The curves 
shown in the paper, on bending tests, quality of paper, etc., 
shows that in most cases no tearing whatever results, even at 
the minus 10 deg. cent. test. 

There is one point, however,-in which the English have an 
advantage over the American manufacturers, and which is 
not brought out in this paper, and which was contributed as a 
part of the report of the Committee on Transmission and 
Distribution. 

The American cable manufacturers were all given an oppor- 
tunity to present their ideas regarding the thickness of insulation 
they would recommend for various voltages, and we also had the 
thicknesses published by the British Engineering Standards 
Association. The thicknesses recommended by the British 


_ are in general below the thicknesses recommended by the Ameri- 


can manufacturers, and some of the latter reeommend up to 25 
per cent more. The English practise, however, appears, as 
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near as we can discover from correspondence with their engineers, 
and from some of our engineers, who have been to England,— 
to use somewhat less insulation than is specified by the British 
Engineering Standards Association. The thicknesses which the 
Commonwealth Edison Company have been using_in the last 
year or two are about the same as the British Engineering 
Standards Association, although we have been accused of. being 
somewhat radical on that point. It was, therefore, of great 
interest to learn recently, that one of the English companies, 
that has been operating 20,000-volt cables for a number of years, 
and has had considerable experience, has, upon the basis of 
their own experience, and on the advice of their consulting 
engineers, reduced the thickness of insulation by 25 per cent on 
these 20,000-volt cables, so that the thickness of insulation 
which will be used on 20,000-volt cables, is only a trifle more than 
the Commonwealth Edison Company is using for 12,000-volt 
cables. 


It is to be hoped that the investigations which the American 
cable manufacturers have started, as evidenced by the series of 
papers this morning, will continue until they are at least on a 
parity with the foreign manufacturers in this respect. 

It is also of interest to note that apparently some of the data 
which have been presented this morning have resulted primarily 
in further investigations into the properties of cables and into 
the properties and desirable features to be incorporated in con- 
densers for insulation with 60-cycle systems for improving the 
power factor. Private information indicates that more than 
one manufacturing company has a larger engineering staff 
investigating this subject, which is not yet in serious commercial 
production, than they have investigating the properties of 
paper insulated cables. 

We are perfectly willing that the manufacturers should get 
information in that way or any other way, which will help them 
in the design of their cables. 


It is also interesting to note the serious advances made in this 
country in the direction of dielectric losses. In looking over the 
guarantees received in the last few years, from the American 
manufacturers,—and we give them all a chance when we ask for 
bids—it was noticed that the maximum dielectric losses on a 
certain size of cable last year at a temperature of 80 deg. cent., 
was double the maximum figures we received this year at the 
same temperature and same size of cable. 

It would have been interesting if Mr. Welbourn has given his 
dielectric loss data in power factor rather than watts, as, without 
knowing the size of the cable, it is difficult to compare it exactly 
with the other data that are available. 


The calculations to determine the maximum permissible cur- 
rent on various sizes and voltages of cables were based on the 
average duct radiation as given in the Clark and Shanklin paper 
of 1919, and now Mr. Shanklin in a measure discredits these 
data, or at least casts a doubt on its accuracy for this purpose. 
This serves to emphasize the importance of securing more 
fundamental data. To obtain the data from cables in com- 
mercial operation appears to be a very difficult task due to 
the variations in load on the cable, but it would be of 
great value if some investigator could surmount the dif- 
ficulties and devise a method which the operating companies 
could use for measuring the radiation constant of their conduits. 
In spite of the inaccuracies of the fundamental data as pointed 
out by Mr. Shanklin, we do find that for the conditions in 
Chicago, the figures obtained from these calculations are a 
sufficient guide to enable us to determine within less than ten 
per cent the amount of load that can be safely carried on our 
eables without being subject to dielectric loss failures. 

W. I. Middleton, C. L. Dawes, E. W. Davis: In view of 
the present day tendency to operate cables at higher voltages 
without increasing the walls of insulation, it is of vital importance 


to engineers to know the actual rather than the theoretical: 


stresses within a cable. A mathematical formula which cannot 


SIMONS: RATING OF CABLES 


Transactions A. I. E. E. 


be checked experimentally should not be accepted as standard 
for calculating such stresses. If the formula published by Mr. 
Atkinson in the Procrrpines of the A. I. E. E. in 1919 has been 
“thoroughly substantiated’ as Mr. Simons says, it would be of 
inestimable value to engineers to have the figures published. 


The design of three-conductor cables depends largely upon 
insulation constants obtained from. tests on single-conductor 
cables. The relation between breakdown stresses in single and 
three-conductor cables is necessary to assure the proper design 
of the three-conductor cable. 


We do not believe that the rupturing stresses in three-con- 
duetor cables are materially lower than for single-conductor 
cables, especially if such cables be well made. From the data 
of breakdown tests made by us, the stresses calculated by the 
old method are much more in accordance with our belief than 
stresses calculated by the new method. 


In the discussion, Mr. N. L. Morgan has remarked that he 
does not understand how insulation can be overstressed and at 
the same time not destroyed. 


The stressing of insulation is analogous to stresses and strains 
in the testing of mechanical materials. In the latter case, if 
the test is not carried beyond the elastic limit, the material re- 
covers immediately after the test load is removed. If the 
elastic limit has been passed, the material never completely 
recovers, even though the material is not destroyed. 


In a paper “Voltage Testing of Cables’”” by Middleton and 
Dawes read before the Institute in June 1914, the matter of 
overstressing cable insulation was discussed. It was shown 
that it is possible to apply such severe. voltage tests to cables 
that they do not recover their original insulating properties. 
The following table shows the results of stress on some rubber 
insulated eables: © 


MEGOHMS PER 1000 FEET 


Immedi- |Immedi- Immedi- 
Initial ately ately |2 Hours| ately | 2 Hours 
Length | M.O. after after after after after 
Test | tested before | 2500 V | 5000 V | 5000 V | 5000 V | 5000 V 
No. feet voltage | 1 min. 1 min. 1min. | 5 min. 5 min. 
1 1562 14,500 14,500 7,500 11,500 
2 1547 22,000: | 22,000 | 16,000 | 18,000 
3 3150 7,500 7,500 6,000 7,000 5000 5000 
4 1740 15,000 | 15,000 6,500 | 10,000 750 2500 
5 2402 15,000 15,000 7,500 10,000 2500 3500 


The insulation resistance in tests 1 and 2 were considerably 
affected by the 5000-volt, one-minute test, but practically 
recovered after 2 hours. Test 3 showed the least effect of the 
5000-volt, one minute test, while 4 and 5 showed rather slow 
recovery. An additional 5000-volt, 5-minute test apparently 
caused permanent injury to 3, 4 and 5, as they showed very 
little recovery after 2 hours. 


In no case was the insulation ruptured but in 8, 4 and 5 it was 
most certainly overstressed. 


We quite agree with Professor Karapetoff that the effects on 
the dielectric strength of the various elements entering into the 
composition of a dielectric should each be analyzed separately, 
in order to understand more thoroughly the nature of voltage 
breakdown. 'The papers of Messrs. Del Mar & Hanson, Du 
Bois and Schrader are analytical in this sense and their data 
and conclusions give in a degree, quantitative effects of moisture, 
air spaces, ete., on the ultimate properties of the dielectrics. 

On the other hand whether or not the results of such investiga- 
tion are correct can only be ascertained by data obtained from 
the finished cable, both in the factory and under operating con- 
ditions as are given in Mr. Roper’s paper. Therefore even 


though data do not involve the individual effect of each element 


of the dielectric, they are nevertheless valuable. 
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Professor Karapetoff mentions the fact that the stresses in 
dielectrics, which are stressed beyond the elastic limit should 
not be calculated with constants derived for the material when 
not so stressed. Our investigations on the special cable, the 
results of which are shown in Fig. 5, was undertaken to deter- 
mine such effects. The average effect for insulation in the 
interior of the cable which was overstressed was only of the 
order of 5 per cent at the instant of break down, a negligible 
error as compared with deviations ordinarily obtained with 
dielectric tests. This cable was purposely made with an inferior 
grade of rubber compound in order to exaggerate the effect of 
overstressing. A high-grade compound would have shown a 
much smaller change in permittivity. This combined with other 
measurements that we have made, leads us to believe that the 
change of permittivity of the ordinary rubber compounds under 
stress can be neglected when ealculating potential gradients. 
We would expect greater changes in paper cables, as the low 
viscosity of the filler permits the components having the greater 
permittivities to seek positions in those portions of the electro- 
static field which have the greater intensities. We have as 
yet made no attempt to measure this change with paper cables. 


The pyro-electric theory of dielectric destruction presented 
by Dr. Steinmetz and Mr. Peaslee offers a very plausible ex- 
planation of dielectric rupture. The phenomenon of the volt- 
ampere characteristic of the dielectric attaining a negative 
slope, and the current running away must occur in a very short 
interval of time as otherwise the comparatively small amount of 
energy involved would be unable to raise the temperature to 
the values necessary for this phenomenon to occur, for the heat 
would be conducted away too rapidly. 

It will be interesting to see if further investigations sub- 
stantiate this theory. . 

We are very interested in Mr. Peek’s energy-distance theory 
of the breakdown of gaseous dielectrics as applied to solid di- 
electrics. Accordingly we have attempted to evaluate con- 
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stants for the series of tests given in our Tables I, II and III 
inclusive. 

K ) 2 
—— ] gives 
/r 
consistent results as shown in the following tabulation. 

M was found to be 116 and K = 0.345. 


In Table I, we find that equation g, = M (1 + 


Stress from curve 
Ri for Table I simi- 
Radius lar to curves for 
to point Table II shown 
of con- R in Fig. 10. 
Size stant | Outside Values of Ri/R 
cond. stress. | radius same as in pre- 
A.W.G.| r©Om. |0.345 Vr| cm cm, Ri/R | ceding column 
24 Sol 0.0255 | 0.0550 | 0.080 0.476 0.168 300 Volts per mil 
20 0.0407 | 0.0696 |.0.1103 | 0.476 0.232 270 
14 0.0826 | 0.0992 | 0.1818 | 0.476 0.382 270 
a 0.1140 | 0.1165 | 0.2305 | 0.476 | 0.485 270 
8 0.1625 | 0.1390 | 0.3015 | 0.476 0.634 300 
6 0.206 0.1435 | 0.3495 | 0.476 0.734 290 
5 0.236 0.1535 | 0.3895 | 0.476 0.818 | 295 
2 0.328 0.1975 | 0.5255 | 0.476 1.104 340 
2 strd.| 0.330 0.1980 | 0.528 0.476 Ld 410 


It will be noted that except in the case of the two solid and 
two stranded conductors, the stress was practically constant at a 
radius R, from the center of the conductor. 


We were unable to find any values of M and K that would 
satisfy Tables II and III. In fact in some instances the con- 
stant K became negative. Therefore, it would seem to us it 
has not yet been proved that this theory is applicable to all 
breakdown of solid dielectrics. Perhaps if the time of test 
were made very long, hence give the ions greater time to bombard 
the dielectric, the breakdown voltages might more nearly agree 
with these energy-distance equations. 


Some Suggestions for Possible Improvements in Methods 


of Engineering Education 
BY B. G. LAMME 


Member, A. I. E. E. 
Chief Engineer, Westinghouse Electric & Manufacturing Co. 


Attention is call d to the fact that very few of those who take engineering courses in the colleges are fitted by previous 
mathematical training to take up the work properly. Suggestion, therefore, is made that all engineering courses drop 
back into the more elementary mathematics during the first year, in order to give a thorough drilling in the practical use 
of such mathematics, with a view better to filting the students for more advanced work. It ts believed that with this elemen- 
tary training the students can make much more rapid progress in their advanced work, not only in engineering work, but in 


physics, mechanics and various other related lines. 


Moreover such a course would assist the schools in eliminating those who are totally unfit for engineering work, and 


thus overcome one of the most serious defects of the present technical courses. 


The application of mathematics to prac- 


tical work should be taught much more thoroughly than at present, but that appears to be impossible under the present 
circumstances where the students have a very incomplete elementary training. 


T may be that all real engineers are born engineers, 
| or, on the other hand, it may be that the necessary 

fundamental traits are acquired 2n very early child- 
hood. The personal experience of the writer, based upon 
intimate knowledge of hundreds of variously trained 
engineers, indicates that the real engineering traits 
are not acquired, to any great extent, in later child- 
hood. But it is possible, in some few instances, that 
the necessary traits are present in early childhood 
but do not come to the front until later. However, 
in practically all cases of successful engineers, within 
the writer’s experience, these traits were easily recog- 
nizable in the very early years. In fact, of the ma- 
jority of the cases it might be said that the successful 
ones were about as good engineers at six years of age 
as at twenty-six, taking into account their relative 
knowledge and training at those respective ages. As 
to these traits being acquired in very early childhood, 
a leading engineer and educator once remarked— 
“The child may get some kind of a fatal twist or kink 
which starts him in a certain direction, and he keeps 
on growing that way.” This is not at all unreasonable. 
The small boy who can “‘do”’ things or can “‘fix”’ things, 
naturally is called upon by his associates to do much of 
the fixing and mending that is required for their 
playthings, etc. In consequence, he gets all of the 
practise and becomes relatively more experienced 
than his playmates. The same thing may be said of 
mathematics. The small boy who becomes “handy 
at figures’ is very often called upon for assistance by 
his schoolmates and playmates, and, in consequence, 
he does the helping while the others are helped and 
he thus gets ahead of them. Once in the lead he finds 
such things are easier for him and he more or less 
follows the path of least resistance. Thus whether 
the necessary traits were born in him, or are acquired 
in very early childhood, the natural tendency is toward 
cultivation, or exaggeration, of these traits through 
the normal activities of the child. 


A symposium presented at the Annual Convention of the 
A. I, E. E., Niagara Falls, Ontario, June 26-80, 1922. 


Two of the most valuable traits that a small child 
can have is the ability (1) to use his head, and (2) to 
use it in a more or less quantitative way. By the latter 
is meant that a child with a quantitative sense has a 
great advantage over others. Apparently this sense 
can be cultivated and quite highly developed in early 
childhood by proper direction, and here is probably 
where the real training of the engineer should begin. 
From the writer’s own observations, and from dis- 
cussion of the subject with many others, he is firmly 
convinced that one of the best trainings that the child 
could have is the old-fashioned kind of “mental arith- 
metic.”’ This seems to have been largely abandoned 
in recent years, due doubtless to the inability of the 
teachers to handle it properly. Mental arithmetic, 
if properly taught, develops quickness in thinking, 
and also a quantitative or numerical sense which is 
of utmost value in later years. In fact, a numerical, 
or dimensional, or quantitative sense, whatever you 
want to call it, if highly developed, is one of the greatest 
assets that an engineer can have, and it is doubtful 
whether this sense can be acquired properly except in 
comparatively early years. The man with a quanti- 
tative or numerical sense can see relationships and can 
reason from cause to effect to a degree, in some cases, 
which seems uncanny to one not possessing this trait. 

Obviously, therefore, one of the first great errors 
in our engineering education is the improper or insuffi- 
cient training in the earlier years, and it is impossible 
to estimate what an enormous handicap this puts upon 
the colleges. The earlier training too often tends to 
suppress imagination and independent methods of 
thinking. The child is taught to do things by rule, 
and if he happens to develop, through his own origi- 
nality, a new method of solving a problem, for instance, 
in his school work, far too often he is criticised instead 
of being commended. The arbitrary methods of 
teaching by fixed rules, by some incapables in our 
public schools, is one of the curses of the country. 
The old-fashioned country schools with a single teacher 
who handled the entire work, quite often developed 
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stronger mentalities than the modern supposedly 
much higher class schools. 

It must be, and probably is, well recognized that the 
colleges can only cultivate existing traits, but cannot 
create new ones. As a prominent educator once said, 
“You can hatch only a gosling from a goose egg.” 
The colleges, therefore, are handicapped in attempting 
to create traits and characteristics, in many cases, 
where such do not already exist. They are asked 
to build engineers out of non-engineering material,—an 
impossible task. Even with the modern supposed 
improvements in the public schools and high schools, 
the requirements of good engineering material, as far 
as the colleges are concerned are worse than they were 
some years ago, simply because of the enormous growth 
of the college population within the past few years 
has brought in many men of less suitable character- 
istics and traits than in former years. It has seemed 
to the writer that, many years ago when engineering 
education was less popular than at present, a fairly 
large percentage of those who sought an engineering 
education were men who had the “urge” or “‘call’”’ for such 
work. Very often these were men who recognized that 
engineering was their life work, and who realized quite 
fully that an engineering training would be of great 
assistance to them. Such men very often were the 
outstanding younger men of their generation. Such 
men are also to be found at present, but it is ques- 
tionable whether they have grown in numbers propor- 
tionally any faster than the total population of the 
country, whereas the technical school population has 
grown probably ten times as fast. If such assumption 
is reasonably correct, then the technical schools are 
being very greatly diluted, or adulterated, by those 
who may .be classed as the unfit, in the true engineer- 
ing sense. If such is the case, engineering educa- 
tion is bound to be on the down-grade sooner or later, 
unless steps are taken to correct the evil. The insol- 
ubles, so to speak, must be precipitated. Here is a 
truly big problem. The unfit in engineering may be 
the fit in something else and naturally we do not 
wish to prevent any one from getting a college edu- 
cation when he really desires it. At the same time 
those who “belong” in a given technical course should 
not be handicapped by those who do not belong. 
Otherwise, as the writer has stated repeatedly in the 
past, the training tends naturally toward mediocrity, 
for the poorer men are a drag upon the better ones, 


_In fact, if the course is laid out for the average © 


man, the less able students will have to work much 
harder than the better ones, whereas the more capable 
students, or those of stronger mentalities, should be 
the ones who receive the most drastic training, for 
our future engineering development depends very largely 
-upon them. These should be trained to the utmost, 
and this is not possible, with many of the technical 
courses, as now constituted. This condition is well 
recognized in many of the schools and various attempts 
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are being made to rectify it. As one prominent pro- 
fessor stated recently,—he has arranged his courses 
in two sections, one of which embodies the “slow 
freights’”’ and the other the “fast expresses.’’ In the 
former are included those with insufficient ground-work, 
or who are not capable of keeping up with the latter 
division. If any student in the “slow freights’’ is 
able to speed up sufficiently to keep pace with the 
“fast expresses” he can be transferred. This arrange- 
ment is an incentive to the better class of men, and, 
to a certain extent, removes the handicap previously 
described. Other schools have proposed so called 
“professional” and “non-professional” courses. The 
professional courses would take in those who have real 
aptitudes for engineering, while the other would in- 
clude young men who desire a technical education for 
general purposes, but who have no strong call for 
true engineering. 

As stated at the beginning of this article, the 
necessary traits of the real engineer are usually 
to be noted in early childhood. This should really 
form one of the deciding points in selecting those 
who should take the better engineering training, or 
who should be given the preference in such work. 
Such traits, along with a certain amount of mathe- 
matical skill and ability are necessary in real engineer- 
ing, and, therefore, these should be given preference 
in the decision as to whether the young man is to take ~ 
up an engineering course or not. This brings up the 
subject of mathematics, upon which something per- 
tinent can always be said. 

As has often been said in the past, one of the 
principal weaknesses of the engineering students lies 
in their inability to use ordinary every-day mathe- 
matics. Here and there one or two can really use their 
mathematics in a common sense way, but such cases 
are quite rare, based upon personal experience with 
large numbers of especially selected college men. 
Such criticism has often been made, but, in itself, 
does not help materially except to call further atten- 
tion to what is already fairly well known. The writer 
is now going to suggest a partial remedy, which many 
educators may consider as unduly radical and a big 
step backwards, but which, in the end, should mean 
greater progress in the right direction. A step back- 
ward is all right at times, especially in those. cases 


_where one is going in the wrong direction; and, appar- 


ently, at present, many of the college courses are 
going in the wrong direction in their mathematical 
training. 

The suggestion is embodied in the following: A 
great majority of the college men, in the technical 
courses, have had their preliminary training in algebra, 
geometry and trigonometry in the high schools, and 
such training as experience shows, is totally inadequate 
as a basis for the future work of the engineer. It 
is inadequate largely from the fact that only one 
student in possibly twenty-five ever sees or is shown 
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any real use for algebra and trigonometry. It is a 
study with him purely, and real practise does not enter. 
This condition is more or less inherent in the high school 
training, and such training, therefore, should not be 
accepted as a basis or foundation for future solid tech- 
nical training. The suggestion is this,—that the engi- 
neering courses in college, especially the mechanical 
and electrical engineering courses, should drop back 
one year in their mathematics. This suggestion may 
raise a cry of protest, but nevertheless, it will appear 
that in the long run this dropping back is more imagi- 
nary than real. What is meant is that the first year 
in college should take up again the purely elementary 
algebra and trigonometry, as now covered by the high 
schools, but with the difference that this first year’s 
work should largely consist in the application to prac- 
tical problems. If the student cannot learn to use 
algebra and trigonometry practically and skillfully, 
in their elementary forms, he cannot expect to use 
them intelligently in their more advanced forms, such 
as in the calculus and other work. Therefore, as said 
before, this first year in mathematics should be ex- 
pended largely in purely elementary algebra and alge- 
braical trigonometry, involving the necessary small 
amount of theory and a great deal of practise in the 
form of various problems. These problems should be 
of such a nature, in many cases, that the elementary 
.algebraical and trigonometrical expressions are not 
already formulated, but the problem should be of a 
descriptive nature, requiring the student to develop 
or formulate his own equations. Herein lies a great 
weakness of the students. Many of them can handle 
equations already set down for them, by following 
certain fixed rules which they have learned, (this is the 
mechanical part of mathematics) but many of these 
same men cannot possibly formulate the problem in 
the first place. , 

The result of this teaching would be far reaching. 
In the latter half of the freshman year, for instance, 
the class could be led gradually into more difficult 
problems, involving more advanced algebra and trigo- 
nometry of a practical nature, and by trigonometry 
is meant analytical or algebraical rather than simple 
plane trigonometry. In this way the student can 
gradually be led into the more difficult work by easy 
stages and he will acquire, if he is at all capable of it, 
a broader understanding of the general principles of 
elementary mathematics. He will build up a founda- 
tion for his future mathematics especially from the 
practical standpoint,—and engineering primarily is 
built upon practical mathematics. 

In the teaching of practical mathematics, however, a 
distinction should be made between what one of the 
writer’s old-time professors used to designate as 
“mathematical gymnastics” and “horse sense mathe- 
matics.” By the former he meant the kind of mathe- 
matics where everything was carried into mathematical 
formulas, ofttimes of more or less complex nature, 
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when the use of a little “horse sense” would have 
allowed the result to be obtained directly with no 
equations whatever. Such spectacular exhibitions of 
mathematical symbols are too often considered as the 
primary object in view. Too often also, the actual 
result which is striven for, is entirely hidden by the 
mathematical machinery used in producing the result. 
The students should become imbued with the fact that 
their mathematics are simply attacking tools or weapons 
and that an exhibition of the tools themselves is not 
of first importance. .They should also be taught to 
understand that really good mathematicians very often 
ean, and do, reach the desired results with but little 
or no evidence of the merely mechanical part of their 
work, and that mathematics really must be considered, 
in general, as simply a very effective mechanical aid 
to our methods of reasoning. For instance, one can 
take a physical fact and express it in mathematical 
symbols and then by rigid mathematical operations 
may transform the formula into some different one 
which expresses another physical fact. The mathe- 
matics here represent simply accurate or rigid methods 
of reasoning from one fact to another related one. 

Returning to the subject, an important result of this 
first year’s training would be that it would assist the 
teachers to separate the capable from the incapable, 
in the engineering sense. Those who prove totally 
unable to grasp the practical application in the early 
and easy stages of the work could then be weeded out, 
so to speak,—that is, they could be transferred to 
other courses where practical mathematics are less 
needed. Those who are mentally capable in practical 
mathematics but who have had a very poor foundation 
in their previous training, would have an opportunity 
to catch up and thus would suffer no handicap in 
their later work. This would be a great step in the 
right direction, and one of the great advantages which 
would accrue from such training would lie in the 
weeding out of the unfit from the engineering courses 
proper, as stated before. This would be a very great 
step in advance, as it would remove the present great 
handicap which the lagging classmen impose on their 
more advanced fellows. 

It was suggested, as a first step, that the éngineer- 
ing schools drop back a year in mathematics. How- 
ever, upon reaching the second year in the engineering 
classes, it is the writer’s opinion that the survivors of 


the above first year of training could handle their - 


mathematical subjects, as well as physics and other 
subjects, in so much better manner that, by the end of 
the second year they would actually be farther along 
mathematically than with the present course of train- 
ing, due to the fact that the fundamental training is 
so much better. Unquestionably with a training of 
this sort, those who take up studies requiring analy-_ 
tical work of a mathematical nature, for instance, 
would obtain a far better grasp of the subject, and in 
many other engineering subjects they would tend to get 
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at the fundamentals far better than is possible under 
the present training. With such a course of training, 
the average engineering student, by the end of his 
senior year, should havea far greater practical sense than 
he has at present, due to the fact that hisknowledge of 
physics, mathematics, mechanics and electrical phenom- 
ena, would have a foundation of practical mathematics. 
In the writer’s experience with large numbers of the 
higher grade college students, he has found that no- 
thing tends to develop their active thinking powers like 
practical or applied mathematics. This teaches them 
to think accurately and rigidly; it teaches them how 
to formulate general statements in concise form; it 
teaches them how to pass more directly from cause to 
effect; and it shows them how to pick out defects in 
their own reasoning and analysis, whether it be of a 
mathematical nature or otherwise. In other words, a 
good practical mathematician does not appear to be 
able to “fool himself” into thinking certain things are 
so or not so, as easily as is the case with other kinds of 
people. Again a mathematical mind, of a practical 
nature, has the ability for bridging across between 
apparently disconnected points and for obtaining short 
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cuts to results, such as are not possible with other types 
of minds. This is why the writer argues so strongly 
for practical mathematics as a basis for true engineering. 
Men so trained possess tools which enable them to 
obtain quickly and accurately, results which others 
can only reach by roundabout methods as already said 
in other words. 

In the proper engineering education, other lines of 
endeavor than mathematics are also needed, in order 
to broaden a man, but one essential ingredient is a 
broad fundamental training in practical mathematics, 
and without this it is hard to see how a high grade 
technical education is possible. Without this, schools 
may turn out engineers in name, as is so often the case, 
but engineers in fact cannot be turned out without a 
working knowledge of mathematics, which, as already 
said, is to a great extent the basis of all engineering. 
Therefore, let us put more work on this part of the 
foundation in order that the whole structure may be 
more substantial. 

Discussion 


For discussion of this paper see note, page 639. 


Education 
BY S. E. DOANE 


Fellow, A. I. E. E. 
Chief Engineer, National Lamp Works, Cleveland, O. 


The author points out that a college course should turn out men who have acquired habits of clear thinking, concen- 
tration, perception, observation, and decision. These men should have some knowledge of the details of the subject on 
which they plan to specialize in later life, but this knowledge is purely incidental and is acquired in illustrating the broad 
principles which are useful in all phases of engineering education. . It doesn’t really matter much on what a young 
man thinks he will specialize when he leaves school, if he has clearly in mind that the purpose of education is to train 
his mind to enable him to acquire as much fundamental knowledge as possible, and also to acquire an incidental 
knowledge of the specific applications of such fundamental knowledge. 


The obvious point to the paper is that mental training is the principal thing, assuming, as a matter of course that 
physical and moral training are sufficient to physically support an active mind. 
The man has well begun his education who has acquired the inclination and the ability for self study and develop- 


ment, and who graduates with the thought that he has merely begun a lifetime of self education. 


has served its purpose if it has given him a good start. 


His college education 


The author suggests that the instructors in our colleges should be given an opportunity thoroughly to acquaint 
themselves with the industry for which they are training men by spending one year out of three in industry, the other 


two years to be spent in teaching. 


HE chairman of the Educational Committee of 
this Institute, Professor Magnusson, has in- 
vited me to define my views on Engineering 

Education. He has suggested that, “if engineers 
would * *  * frankly state their views on the training 
or lack of training given engineering students, and offer 
constructive suggestions for improving the college 
trained engineer, much of value might be gained.” 
During my thirty-five years in the electrical industry, 
it has been my privilege to know several hundred col- 
lege men. Many of these came to work in my depart- 
ment directly upon their graduation. Practically 
every engineering school in the country contributed 
its quota. My long association with these men has led 


me to form certain opinions regarding the training 


they received, and the training which I think they 
should have received, which I shall attempt to outline 
in this paper. 

The purpose of education is to cause the person who 
is being educated to acquire experience of others. 

Generalities of the character which must be con- 
sidered in a paper uf this sort can only apply to men 
who are normal physically, morally and mentally. It 


‘is my observation that those who stand high in all 


these qualities will do best as engineers. 

I would, therefore, if I had charge of the destinies 
of the average college, aim to so sift out my applicants 
that the majority of my students would be men above 
the average in these three fundamentals. 

I would eliminate those who are weak in any one of 
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the three fundamental requirements without regard 
to their strength in other qualities. Mind you, I am 
talking now about the general engineering training. 
There are many men who are weak in body who can 
qualify for brilliancy of effort and become highly 
trained specialists. In my judgment, these men find 
no place in a standardized program. If I were con- 
sidering how best to educate a particular individual 
who was weak in any one of the three, I would never 
advise him to take a general course of engineering. 
He might, however, become a great. success in life in 
some highly specialized effort because of very superior 
mental attainment. Let us assume that we are train- 
ing the average engineer and that he is well balanced 
physically, mentally and morally. 

The college should perform six functions. 
offer directly: 

1. Instruction in engineering knowledge. 

might be subdivided into the teaching of 
a. Fundamentals 
b. Specific applications. 

2. Instruction in non-engineering subjects, such as 
English, Economics, Law, etc. 

3. Instruction and training in hygiene. 

It should also make adequate provision for: 

4. Inculcation of habits of clear thinking, concen- 
tration, persistence, observation, decision, imagi- 
nation, ete. ye as 

5. Infusion of principles of fairness, unselfishness, 
tolerance, refinement, courtesy, etc. 

6. Formation of friendships. 

Obviously, no special courses to teach clear thinking, 
concentration, persistence, observation, decision, etc., 
can, or need, be given. It nevertheless appears to me 
that these qualities should be taught. This may seem 
paradoxical, but what I mean is this. Every instructor, 
in teaching a subject, knows that he is teaching more 
than just that one subject. He knows that he is also 
conveying lessons in perception, efficiency, decision, 
and so on, as a part of the more specific study. For 
example, in teaching drawing he emphasizes accuracy, 
neatness, observation, etc. 

The point I want to make is that emphasis, during the 
regular course of study, should be placed upon the 
characteristics which contribute so largely to the future 
suecess or failure of an engineer. If the instructor 
will always bear in mind that he is teaching more than 
the facts or principles involved in a particular subject, 
he will do much to mould his students into efficient 
and productive contributors to the common good. 

In addition to the “concurrent courses’ in the class 
room, it would seem that a great opportunity exists to 


It should 


This 


develop these qualities during physical training. It - 


is apparent that many of the sports which are so popu- 
lar in this country (and which I believe have contribu- 
ted toward making the American what he is) are ca- 
pable of developing these habits. Take tennis,. for 
example. Tennis will develop promptness of decision, 
quickness of thought and concentration. Indeed, the 
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game cannot be well played unless the player possesses 
these qualities to a marked degree. 

Many of these things which have just been said also 
apply to the infusion of principles of fairness, unself- 
ishness, tolerance, refinement, courtesy, etc. The 
instructor must stress these qualities at all times, but the 
greatest training will come, not from the instructor, 
but from contact with one’s fellow students. It will 
also come indirectly from better developed minds and 
better developed bodies. It will come from the exer- 
cise of the qualities which were previously mentioned— 
observation, decision, concentration, etc. It is obvious 
that a man with a well developed -sense of observation 
and perception will very easily learn what is proper 
in the way of courtesy, refinement, tolerance, ete. A 
man who can think clearly is not likely to be bigoted, 
or unfair. 

The sixth value of a college education lies in the 
opportunity it offers for the formation of friendships. 
This needs no special reservation of time in the 
college curriculum. The constant association with 
fellow students, the common purpose, the similarlity 
of ideals and ambitions, a school spirit—all these go far 
toward making college friendships lasting and sincere. 

We are now left with the problem of dividing the 
student’s time and effort among engineering instruction, 
non-engineering instruction, and physical training. 

My experience has led me to believe that a person’s 
physical characteristics play a great part in what he 
If they are good they serve as accel- 
erators; if they are bad, they are handicaps. 

It would seem to me that such time should be 
devoted to physical training, hygiene, etc., as would 
best meet the needs and requirements of the normal or 
average college man. This is a rather vague statement 
but I hesitate to make it more specific. 

I do believe this, however, that more physical 
exercise, by a great many who are now in college, would 
result in great benefit. There are many students who 
are so intense in their desire to acquire knowledge that 
they cram their minds at the expense of developing 
their bodies. 

Having allowed time for exercise and recreation, 
how much time should be allotted to non-engineering 
instruction and how much to engineering? How much 
of the latter should be devoted to fundamentals and 
how much to special applications? 

Broadly speaking, I would say that the college man 
should have sufficient non-engineering training to 
enable him to express himself clearly (both orally and 
in writing); to give him a fair knowledge of economics— 
of the principles which govern our daily life; to offer 
him at least a speaking acquaintance with the laws by 
which we are governed in our relations with our fellows. 
He should be taught the principles of ordinary business, 
such as the rudiments of accounting, methods of com- 
puting costs, ete. via 

This may seem to be a large assignment, but such a 
program of non-engineering education should not be 
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allowed to consume very much time. It is not neces- 
sary to go into any of these subjects very deeply. It 
issufficient to touch upon their more important features. 

Some of this non-engineering education may be ob- 
tained in connection with the engineering courses. 
Clear expression and good composition should be as 
definitely required in written work on any engineering 
subject as knowledge of the subject itself. 

The greatest problem in allotting time and effort 
among the various aims of the college engineering edu- 
cation arises in considering whether fundamentals, or 
specific applications, should be emphasized. 

Some claim that a good knowledge of the fundamen- 
tals of a subject (though not necessarily the most thor- 
ough kind of knowledge), followed by a thorough 
training in typical applications of these fundamentals, 
will be of greatest benefit to the student. They claim 
that the knowledge of certain specific applications of 
the fundamentals in practise will enable the student, 
by analogy, to best meet his needs in later life. 

Others, and I believe they are now in the majority, 
believe that a very thorough knowledge of the funda- 
mentals involved in engineering practise, and less 
acquaintance with the applications which have been 
made thereof, would be preferable. This is my belief. 

The stressing of application leads to specialization. 
No student really knows exactly what he will do after 
he leaves school. Those who specialize while in school 
may find themselves doing something entirely different 
within a short time of their graduation. As the result 
of specialization many discover that studies which 


they had neglected, because they did not consider . 


them of practical value in the field they intended to 


enter, were really of the utmost importance and value 


in the field they really entered. 

In reading over the. suggestions summarized by 
the chairman of your committee, Professor Magnusson, 
it seems to me that many of us expect too much from 
the immature youths from our colleges. 

In all of this summary the reply of Mr. Lamme is 
most directly parallel with my own judgment. It 
seems to me that there is only one of the three funda- 
mental assets that we can hope to find fairly well 
rounded out. A man reaches physical maturity at an 
earlier age than he will reach either his moral or mental 
maturity. . 

He should be physically fit and should know how to 
keep himself fit when he graduates. 

He should be well advanced toward his moral ma- 
turity and should be well grounded in his habits to 
the end that he will maintain a high moral standard. 

His mental equipment will be the farthest from 
development. When he graduates I think he should 
have the following mental qualities: 

He must know how to study and should face the 


fact that he must be a student, throughout the re- 


mainder of his life, 
a. Of knowledge 
b. Of mental technique. 
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Under “‘a” he must know the fundamental laws and 
statements of fact of physics and chemistry. The so- 
called laws which an engineer must learn are, many of 
them, beyond explanation and must be accepted as 
statements of fact. Quantitative ratios must be under- 
stood. For illustration, a man should know broadly 
the qualities of materials, ratios of speeds, and the 
values of time in the quantitative sense. 

My feeling is that while specialization in college 
avails little and that to attempt to teach a man in 
college anything specific, such as to design generators 
or motors, is almost useless, at the same time the prin- 
ciples of design can be taught as illustrations of the 
use of fundamental laws. At the time the man is 
acquiring his acquaintance with a law he also is obtain- 
ing a useful and sufficient illustration of its application. 

I believe all specialization should come after gradu- 
ation. 

It is my belief that it will be found to be impossible 
to so define courses of study that we shall feel that our 
problem has been solved without approaching it from 
quite another angle. 

I think that we will ultimately agree that these 
courses must be laid out understandingly by the edu- 
cators themselves. How can these men do this with- 
out some experiences similar to our own? 

How can these instructors, these teachers who have 
had no practical experience, plan to teach their students 
the things which those students will most need after 
they leave college, the knowledge which will be of 
greatest value, the details which will be of most use? 
How can they train their students best to meet the 
problems they will encounter, and the obstacles they 
will have to overcome, after they leave school, if they 
do not have clear ideas as to the form and character 
which these problems and obstacles will assume? 

Thoughts of this kind have led me to suggest to 
several of my friends, who are directing educational 
work in colleges, that we should take these college 
instructors into industry for a period of time. 

There are laboratories—excellent laboratories—in 
many of our large industries throughout the country, 
and upon the staffs of these laboratories are to be found 
some of the most eminent scientists and engineers in 
their respective lines. They are constantly at work 
seeking to add to existing knowledge. They are 
making important discoveries. 

The plan which I have in mind—which is in an 
unfinished form, and which I know can bear much 
development—is roughly this. I suggest that the 


instructors in our engineering schools spend one of 


every three years in industry. Place these men in the 
laboratories of our great industries, in their research 
departments, in their engineering departments, in 
their manufacturing departments, perhaps in their 
commerical departments. 

Allow them to acquire an intimate knowledge of 
the application of fundamentals in every field. Ac- 
quaint them with the latest methods and means by 
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which these fundamentals are utilized in actual prac- 
tise. Permit them to breathe the atmosphere in which 
their students will later have to work. Give them an 
opportunity to acquaint themselves with the actual 
requirements which will be expected of the college man. 
Introduce them to the general nature of the problems 
with which their students will have to deal. 

If the instructor can learn all these things, I am 
quite sure that the men who are sent out from the 
engineering colleges will be benefited beyond measure. 

As I think of this proposal, I can conceive that the 
National Lamp Works might be able to use one college 
instructor every year, who would obtain a thorough 
acquaintance with modern practise in electric lighting 
and allied fields while earning his salary at productive 
work. 


At the end of three years the instructor, who has 
spent a year in the electric lighting industry, followed 
by two years of teaching, would be released to devote 
a year to some other industry related to the subject he 
teaches. Three years later he would go to still another 
industry, or branch of industry, and so on. 

During all this time, the instructors will learn to 
view the subjects they teach from new angles. They 
will become better able to emphasize the importance 
of any particular phase that their industrial experience 
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has shown them to be important. They will be able to 
observe their own work in more accurate perspective, 
and their results will be of correspondingly greater value. 

It may be argued that an acquaintance with one 
particular industry once in three years will not enable 
all, or even most, instructors to keep up with modern 
It is my thought, however, 
that the men who return from a year’s experience in- 
industry will convey their impressions, and will im- 
part their new knoweldge to their colleagues. 

The acquaintances which these instructors obtain 
during a year in business will continue throughout 
a life time. Through these they will maintain a very 
desirable contact with the field. 

A procedure, such as the one I have so roughly 
outlined would probably have to be worked out over a 
period of years. As I have said, it requires consider- 
ation by those who are in intimate touch with the 
deficiencies which it is desired to remedy. Perhaps I 
am too optimistic of the results which it may accom- 


plish. Possibly the same results may be obtained by 
other, and more desirable means. 


In any event, my suggestion is offered for whatever 


it may be worth. 


Discussion 
For discussion of this paper see note, page 639. 


Principles of En oineering Edueation 
BY PHILIP TORCHIO 


Fellow, A. LE. Be 
Chief Electrical Engineer, New York Edison Company 


The college training should be directed to imparting to the students the fundamentals of all physical sciences. 


Ele- 


mentary calculus and analytical geometry should form the ground work to equip the pupil with the tools for analytical 


study of the problems of engineering applications. 


Laboratory work and drawing serve to solidify the theoretical ideas. 
The sound study of a foreign language is of vital importance to broaden the education of an embryo engineer. 


Any 


course of study that disciplines the mind is beneficial to the student. Anything that is easy does not discipline. 


N the greatest task of educating the youths of the 
nation, elementary and preparatory schools labor 
under extreme difficulties in securing moderates 

success in disciplining the pupils’ minds for concentrated 
work and independent investigation. The college is 
thereby handicapped but, in an engineering college, 
this deficiency should be easily made up if the technical 
subjects are properly taught, remembering that ‘Any 
course of study that disciplines the mind is beneficial to 
the student. Anythingthatis easy does not discipline.” 
The college cannot make engineers; it can only 
build the foundation .on which the graduates will erect 
the structure of their careers. For a solid foundation, 
the young man should be thoroughly trained in the 
fundamental laws of physical sciences and the units 
of measurements and their equivalent relations. He 
should also be made familiar and conversant with the 
use of elementary calculus and analytical- geometry as 
later applied in the study of mechanical, electrical, 
and other subjects in the curriculum of engineering 


courses. These should include the physical and mathe- 
matical analysis of elements of mechanical structures, 
thermo-dynamics, flow of water, air and steam, laws of 
motion of bodies, radiation, transmission and transfor- 
mation of energy, electrical and magnetic phenomena, et 
cetera. “It is better to see one thing than to look at a 
hundred. It is better to conduct a student to the 
inner chamber of one fact than to take him on a trip 
seeing greater knowledge.” The only fitting time for 
mastering these fundamentals is during the college 
years, when the mind is receptive and reposeful, and 
the aid of the teacher is at hand. 

~The laboratory work should be planned to give the 
pupil an insight of the theoretical facts applied to 
practise. For the same object, it may be beneficial 
that, in the drafting room, each student or group of 
graduating students should make to scale detail draw- 
ings of a different machine, with accompanying cal- 
culations of the important elements affecting its con- 
struction. Besides this machine drawing, each grou 
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should make a detail project layout of an industrial 
installation for an assumed definite production or 
service, like a cotton mill with electric drive, a coal 
skip hoist, a mine mechanical equipment, an ice plant, 
a shoe factory, a power plant, a transmission line and 
substation, et cetera. The benefits accruing to the 
whole class from these different projects are great, not 
only for what each student absorbs and makes inti- 
mately his own from the close study of the details of 
his project, but also for what he learns by the inter- 
change of thoughts and ideas with the other students 
who naturally fall into discussing with each other the 
features of their respective problems. Such discussions 
open their minds to widely different engineering prob- 
lems and broaden their views in correlating the impor- 
tance of these factors. 


In addition to these studies, the pupil should pursue 
the study of a foreign language, like French, Italian or 
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German, so that he can read and write it fluently, 
and possibly speak it with facility. I cannot empha- 
size these advantages too strongly. I do not know of 
a more broadening, instructive and inspiring’ education. 

My conclusions are that “it is not so much knowing 
a whole lot as knowing a little and how to use it that 
counts.” The greater the concentration and thorough- 
ness with which the embryo engineers are trained in 
the fundamentals and their applications, the more self- 
reliant they will be made for practical life. I wish it 
to be understood that I do not aim to make engineers 
theorists, but I wish to instill in them broad and sound 
theory at the time and place when it can be done 
most efficiently. My ideais that a broad knowledge of 
the fundamentals ofall physical sciencesis the most liberal 
education with which a future engineer may be endowed. 


Discussion 
For discussion of this paper see note, page 639. 


Better Preparation of Students for Railway Work 


With Special Reference to the Telegraph and 
Telephone Department 
BY I. C. FORSHEE 


Associate, A. I. E. E. 
Electrical Engineer, Telegraph, Pennsylvania Railroad 


The more complicated communication systems, their use and importance on railroads, the extension of power 
transmission lines and electrification of railroads with the resultant effects upon the communication systems require 
that technical men, who preferably have been given special training that will qualify them to handle such problems, be 


employed in railroad telegraph and telephone departments. 


Many problems are in common with the large wire-using 


commercial companies but others are peculiar to communication systems on railroads. 


N account of the great development of the methods 
and means of electrical communication in rail- 
road work, the extensive and varied uses of 

such means, and the importance of having the service 
always available under widely varying conditions, it 
is becoming increasingly important that electrical 
engineers adequately trained in communication service 
be available in the telegraph and telephone departments 
of the railroads. 

On many railroads the telegraph and telephone 
plant, which is very much larger than is realized by 
those not intimately informed, compares favorably 
with some of the large commercial wire-using companies. 
In such a system, extending as it does over hundreds 
and in many cases thousands of miles, there are prob- 
lems that must be solved that are not encountered in 
the smaller plants. These problems involve an inti- 
mate technical knowledge of a specialized nature and 
many times require careful and extensive investigation 
and study to obtain the best solution. 

While many of the graduates from the technical 
schools may be well informed in mathematics and funda- 
mentals of: physics, chemistry and applied electricity, 
all of which are essential, yet it is felt that if such 
institutions and thestudents contemplating such employ- 


ment, were more familiar with the railroad communi- 
cation problems there might be some advantages gained 
and time saved both by the technical graduates and 
railroads if there were included in the curricula more 
practicable applications of abstract theories and 
principles to concrete cases as met in this department. 
Many of our problems are common with the large 
wire-using commercial companies, but others are pe- 
culiar to the railroad systems. 

It is believed that opportunities for men technically 
trained and who have specialized on communication 
work will be greater on the railroads in the future 
than they have been in the past, as the communication 
systems are rapidly becoming more complex, the prob- 
lems of transmission more complicated, troubles from 
power interference and their solution more involved, 
and the possible applications of the recent develop- 
ments more varied and important. 

Among the various problems with which the depart- 
ment has to deal might be mentioned: 

1. Construction of pole lines carrying open wires or 
cables or both. 

2. Construction of conduit and cable systems. 

3. Installation of telegraph and telephone equip- 
ment. 
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4, Telegraph and telephone transmission. 

5. Design of circuits. 

6. Specifications and tests for -construction and 
maintenance material. 

7, Electrolysis of underground structures. 

8. Inductive interference. 

9, *Telegraph and telephone traffic. 

10. Accounting and estimating. 

11. Preservative treatment of woods and metals. 

12. Radio and wire carrier systems. 

13. Contracts and patents. 

14. Electrical protection. 

15.’ Wire testing, maintenance and 
toration. 


service res- 
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16. Engineering research. 


There are details associated with each of these items 
which are peculiar to the application on the railroads. 
Only general subjects are given and could be amplified 
appreciably, as will be obvious to one familiar with 
telegraph and telephone problems. 

If more specific information is desired on any of the 
above subjects it can be obtained from the Secretary 
of the Telegraph and Telephone Section of the Ameri- 
can Railway Association. 


Discussion 
For discussion of this paper see note, page 639. 


Training for Character 
BY A. M. DUDLEY 


Fellow, A. I. E. E. 
Automotive Engineering Department, Westinghouse Electrical and Manufacturing Company 


Some fundamental requirements in the character of a successful engineer as a man and as an engineer are out- 


lined, together with considerations of the school and the instructor to produce and train: such a character. 


accomplishments to be attained are pointed out. 


HE requirements for character in an engineer are 
two-fold, first as a man and second as an engineer. 
The motto which should hang before every 
worker in every line of work is this; “First, be a man’’, 
with the accent on the first and last words. The 
fundamental requirements for manhood in engineering 
are the same as for all professions and may briefly be 
touched upon as follows; absolute honesty, first with 
one’s self and then with others; sincerity in one’s work, 
remembering that whatever is worth doing is worth 
doing well; courage to put one’s ideas across in the face 
of influential opposition and courage to accept the re- 
sults of one’s errors and build anew, courage to “‘keep 
your head when all about you are losing theirs and 
blaming it on you’; self control in all things, especially 
one’s temper; self control of the ego, thereby keeping 
a sense of proportion as to one’s real place in the world 
and preventing selfishness, tactlessness, discourtesy to 
others and a long train of ills; charity in judging men, 
recognizing that the heart and real intent are what 
count and not accidental circumstance; respect for 
the highest ideal of manhood and man’s work in the 
world, based first, last and all the time on service— 
service to God, man and country. . 

The special requirements for character as an engi- 
neer might be sketched in this way; a fundamental 
sense of fairness, never letting one’s judgment be 
warped by one’s feelings; never distorting physical 
facts as shown by tests, to fit a theory instead of 
making the theory fit the facts; generosity in recog- 
nizing the good work of others and giving full credit to 
them and sharing their pleasure in it; recognition at all 
times of the commercial side of engineering, remember- 
ing that “an engineer is one who adapts the forces of 
nature to the uses of man” and that of two engineers 


Some ideal 


who do the same job equally well from the viewpoint 
of physical results, he is the greatest who accomplishes 
it at the least outlay of money or physical resources; 
character to cooperate to the fullest extent with one’s 
fellow workmen when joined with them to do a job, 
regardless of temperamental incompatibility or per- 
sonal likes and dislikes; tenacity of purpose—never 
to be a “quitter” but to stick to it always and put the 
job across—quickly if possible but surely in any event; 
open mindedness to acknowledge personal error when 
plainly proved and to start anew without prejudice 
on the right basis. 

To anyone considering this matter there will appear 
other and perhaps more essential qualities, but these are 
sufficient to show the necessity for a strong character 
in an engineer. The next question is how shall this 
character be trained. The two fundamental require- 
ments are the right institution and the right instructor. 
No time will be taken here to discuss the relative 
merits of the exclusively technical school as against 
the college or university. Men of character graduate 
from both, and the humblest schools can claim alumni 
who shine as bright stars in the engineering firmament. 
But the ideals of the institution must be right. It 
must regard engineering as one of the learned pro- 
fessions, and as such must not be satisfied with any 
less degree of scholarly attainment in its engineering 
faculty than-in its divinity or law or medical school. 
At the same time, since engineering is intensely prac- — 
tical, it should have on its faculty men who have made 
good themselves in the practise of the engineering 
profession, who, by their attainments as well as their 
ability can command doubly the respect of students. 


Since these specifications for instructors are high, the _ 


institution must be prepared and ready to pay a com- zs 
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mensurate salary. It should not make the mistake 
now so regrettably common of employing a high grade 
man as instructor at a salary below his commercial 
value and expecting him to carry on a lucrative private 
practise as a side issue so that he can afford the sacri- 
fice of teaching. 


One more thing that the institution should not do 
if it would preserve the respect necessary to inculcate 
character in the youth is to carry on commercial re- 
search or similar work where the facilities of the school 
become the source of private profit to outside indi- 
viduals or to the investigator inside the school. Par- 
ticularly is this true of institutions supported directly 
by the state. Wide open publicity as to the result of 
all investigations and payment made by the client to the 
school and by the school to the investigator is the only 
safe course to keep the atmosphere clear and conducive 
to the best ethical ideals which make for character. 


As to the instructor, it is realized his personality and 
his attitude to his work are the greatest single element 
_ in the training of his students in all ways. One of our 
great men has said that his idea of a university was a 
log with a student sitting on one end and Mark Hop- 
kins sitting on the other. To be a great success the 
instructor must be many things which are achieved 
only after a struggle with human nature. Hemust be 
unselfish and self sacrificing. He must be so sure 
that the building of men is the greatest profession in 
the world that he will be willing to accept his salary as 
a teacher and bend his entire energies toward becoming 
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the best possible teacher of engineering. While he has 
himself practised engineering, he must limit his out- 
side consulting work to an amount necessary to keep 
his hand in and to serve as texts for his lectures and 
laboratory work and not use it as a primary means of 
subsistence. He must be vitally interested in young 
men and interested in all their phases and problems, 
capable of advising on human questions of all sorts. 
He must establish -a personal contact that exists be- 
yond the class room and he must use that contact to 
instill the fundamentals of character while he instills 
the fundamentals of mathematics and other subjects 
in the curriculum. 

If the-school is right and the instructor is right and 
the student does his part, we shall have an outstanding 
race of engineers whose word is good as their bond, 
who bring to their work an enthusiasm that glorifies 
both the work and the worker, who accept praise 
and blame with a level headeand a steady hand, who 
take suggestions and ideas from the humblest sources 
and develop them into real engineering, who give 
credit where credit is due, who carry their message to 
Garcia and hang on to the job till it’s done, who worry 
more about the work they are doing than the pay they 
are getting, who know that a “man’s a man for a’ that 
and a’ that,’’ and whose personal conception of char- 
acter blooms into two great requisites for human 
happiness—good health and the spirit of service. 


Discussion 
For discussion of this paper see note, page 639. 


Some Suggestions Concerning the College Education of 


an Engineer 
BY CARL HERING 


Fellow, A. I. E. E. 
Consulting Electrical Engineer, Philadelphia} Pa. 


The author considers the first requisite of college training to be a thorough drilling in the fundamentals in physics. 
A student who is well grounded in the fundamentals is in the best position subsequently to acquire a knowledge of details. 
The student’s most useful tool to work with is mathematics, but this should be taught to engineers by one who con- 


siders it an engineer’s tool, and not a source of amusement. 


All the mathematical results should convey as clear a quan- 


titative meaning to the engineer as numbers do when they represent an amount of money. 


A third requisite is the use of mental exercises to develop mental strength. 


The student should be disciplined by 


mental exercises in the form of problems which should have some practical significance, so as to show the utility of the 


mental process, thereby developing interest. 


Today is the era of specialists; even electrical engineering, as one subdivision of engineering, is again subdivided 


into so many branches that a student should either make a choice between them, at least in his last college year, or take 
a special post-graduate course. Different colleges would do well to specialize on different subjects, especially in their 
post-graduate courses. The writer has urged that at a time when a student must choose his vocation he has little knowl- 
edge of what his choice involves, and it is suggested that the regular college courses should include lectures describing 
the different vocations, the nature of the work involved in each of them, and the prospects of advancement, salaries, etc. 


Success in teaching can be measured by the interest that the teaching can develop in the minds of the students. 


It is a mistake to keep the able students back to the level of the poorest in the class. 


be given every possible opportunity to advance. 


HE college education of an engineer should be 
considered to be analogous to the foundations of a 
building on which a superstructure is subsequently 

to be erected, rather than to the superstructure. When 


The brightest students should 


a foundation is bed rock, it will support any super- 
structure that may later be decided upon. 

The foundations of an engineering education are 
the fundamentals in physics, that is, the laws of nature 


638 


concerning matter and energy in their various 
forms, just as the addition and multiplication tables 
are the foundations of arithmetic. A profound 
and thorough drilling in these fundamentals and how 
to use them should, therefore, be the first and most 
important requisite; they should be so thoroughly 
grounded in the mind of the student that they become 
almost an intuition, involving little effort of mind to 
deal with them, and an almost instinctive revulsion 
against their violations. An intuition is well defined 
as “instinctive knowledge of the relations or conse- 
quences of ideas, facts, or actions.” As in a building, 
the foundation is the least conspicuous part in the final 
product, but it is the part on which the stability of the 
whole superstructure depends. In a choice between 


the two, a student well grounded in the fundamentals 


but with less instruction in the superstructures like 
specialities, professor’s hobbies, details and _ refine- 
ments, will unquestionably become a greater engineer 
than when the amounts of these two kinds of instruc- 
tion are reversed. To one who is well grounded in the 
fundamentals the subsequent acquirement of the 
knowledge of details and refinements, even if after leaving 
college, will be a far easier matter than under the re- 
verse conditions. 

While these fundamentals are the most useful mate- 
rials for his work, his most useful tool to work with is 
mathematics, not pure mathematics but applied 
mathematics. As a reliable means to arrive at a 
useful end quickly and directly, it is a most wonderful 
tool, generally a far better one than arithmetic, but its 
use aS a mere means of entertainment should be left 
to the mathematicians. It should be taught to engi- 
neers by one who considers it an engineer’s tool, a 
utility, and not a mere source of amusement. All 
numbers and their decimal points obtained mathe- 

matically should convey as clear a quantitative mean- 
ing to the engineer as they surely do when they repre- 
sent an amount of money. 

Another important factor in the education of an 
engineer is mental exercise to develop mental strength. 
When we lift a weight in the gymnasium it is not be- 
cause there is any useful result in that weight being 
put on a higher level, but it is to strengthen our muscles. 
Similarly the mental strength of a student should be 
developed and disciplined by plenty of mental exer- 
cises, say in the form of problems, which should by 
all means have some practical significance so as to 
show the utility of the mental process, thereby develop- 
ing interest; he should be taught to think and reason 
correctly and not merely have his memory crammed 
with words and facts as in the teaching of a monkey 
or parrot. A strong, well trained mind can subse- 
quently absorb details with great ease, with the addi- 
tional advantages that it can distinguish between the 
wheat and the chaff, and is not so easily misled. The 
great mass of engineering facts and data are better 


preserved in books of reference than in ones brain, 


SYMPOSIUM ON COLLEGE EDUCATION 


Transactions A. I. E. E. 


which can be made better use of for correct reasoning. 
Generally a brain is not entirely a vacant space to 
be filled by college professors, but is rather like a muscle 
which is to be trained by them to do skilful work. 

Knowledge has made such vast strides that in a four 
years’ course it is today physically impossible to teach 
and mentally impossible to learn, all that it would be 
of benefit to know. The present is the era of specialists; 
a Jack of all trades is a master of none; better let a 
trained financier do the financing, a trained engineer 
the constructing and a trained salesman the selling. 
It is imperative, therefore, to make a choice; in general 
the first choice in an education is that between utility 
and what might be called polish or ornamental educa- 
tion. Formerly, and in some colleges of today, par- 
ticularly those for girls, the latter is the main goal. 
Having chosen utility the next choice is between science 
and the other learned and useful professions; science 
and financiering do not always mix well, their standards 
of morals sometimes differ. In science there are many 
further subdivisions one of which is engineering, which 
again is subdivided into branches. Even electrical 
engineering, as one of these, has so many subdivisions 
which - have little more than the fundamentals in 
common, that a student ought to make a choice be- 
tween them, at least in the last year, or take a special 
post-graduate course. Different colleges would do 
well to specialize on different subjects, especially in 
their post-graduate courses, which should then be 
directed by specialists. 

Having decided on any one particular vocational 
training, the choice of the particular subjects to study 
should be decided solely and only on the ground of 
utility. In an electrical engineering course for in- 
stance there isso much more to learn than could pos- 
sibly be crammed into four years, especially when there 
is an excessive and time robbing indulgence in athletics, 
that the student is deprived of much useful instruction 
and training if he has to devote a lot of this valuable 
time to such things as the dead languages, bible history, 
literature, ete. The proper use of the English language 
should have been taught in the preparatory schools. 

The subsequent failures of college trained men have 
frequently been due to a mistake in the selection of 
their course in college. Other conditions being equal, 
the best choice is unquestionably the subject in which . 
he is most interested. But in most cases at the time 
he has to make the choice he has no proper knowledge 
of what a particular career involves; the fact that as a 
little boy he enjoyed playing with toy electric railways 
does not, as some fond parents think, mean that he 
will make a good electric railway engineer. The writer 
has, therefore, often urged that at the time when the 
student must make a choice, a part of the regular course 
should be a few lectures describing what the various 
vocations involve, what subjects he will have to agree 
to study in each one, what the nature of the work 
will be and what the prospects are of employment, 
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advancement and salaries. Such lectures would un- 
questionably greatly reduce the deplorable number of 
misfits and the great loss of time in later changing from 
one course to another. 


The province of a physicist is to discover and formu- 
late the laws of nature regarding matter and energy 
while the province of the engineer is then to apply these 
laws for the benefit of mankind. Another definition 
of an engineer in popular terms is that he is one who 
can show how a thing can be done for one dollar that 
any fool can do for two dollars; a complementary 
definition of an administrator, or organizer, at least of 
some of them, then is that he is one who can get two 
dollarsforsomething worthonly one. Inrecent times, so 
many engineers have abandoned the true profession of 
engineering, that of designers and constructors, and 
have become administrators, organizers, financiers, or 
salesmen, for which positions their engineering training 
has undoubtedly helped them greatly, that these and 
many others, like the handling of labor, have recently 
often been included under engineering, a noble name to 
conjure with. Larger salaries and less interest in 
engineering, are generally the incentives for the change; 
some adminstrators can vote themselves their own 
salaries. But whether this modern use of the term 
engineering is desirable or not, it is true that an engi- 
neering training is of great value in such positions, and 
that, therefore, students should be told about these 
vocational possibilities and if they choose them they 
should be given a somewhat different course omitting 
certain studies and substituting others. 

In the writer’s opinion, success in teaching can be 
properly measured by the interest that the teacher 
ean develop in the mind of the student. There are, 
of course, some very necessary studies that are without 
any interest, and, therefore, pure drudgery, like learn- 
ing the multiplication tables, rules, terms, relations, 
formulas, etc, but aside from such cases of mere memo- 
rizing of some necessities, when a teacher cannot 
awaken the student’s interest either the student is 
hopeless and should leave college, or else that teacher 
has not mastered the real art of teaching. Often have 
students told the writer how greatly they were interested 
in a certain subject, adding the significant clause that 
they liked that particular teacher, as he made it so clear; 
in the reverse case it may be the fault of either or both. 

A serious error in many colleges, which might even 
be called an educational crime; is to keep the bright and 
able students back to the level of the poorest in a class. 
It should be the duty of every teacher to give the 
brighter students every possible opportunity toadvance. 
The deficient ones should either be helped to catch up 
or made to repeat the previous year’s work. 

Students naturally take a delight in pointing out 
errors in what their teacher has taught them; finding 
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such errors also tends to shake their confidence in 
other things he taught them, which is fatal; they also 
lose interest and respect when they find there is a 
simple, easily understood way of explaining something 
which they had been taught in a complicated, confus- 
ing way which was difficult to understand and hard 
to retain. It is therefore of the greatest importance 
for the teachers to be absolutely sure of the correctness 
of what they teach and to keep abreast with the 
times in their interpretations and explanations. It 
is, for instance, an intellectual crime, which might do 
much harm, to teach that a law is universal after it 
has been shown that it is not. The writer has been 
surprised to see the strong opposition of some teachers 
to modify their teachings of a year before in accord- 
ance with developments during that time. 

What constitutes success in a career is variously 
defined and is a matter of opinion. Some measure 
it by the ratio of the money received to the time and 
effort spent, that is, the present labor union idea of 
doing the least work for the most money. According 
to that scale one who loots a bank is at the head of 
the list of the successful; there is a wide difference of 
opinion as to what is and what is not honorable; 
when the looting is done by a teller, he is a criminal, 
but when done by the president he is an expert finan- 
cier. Others think that success is measured by the 
kind of service rendered or by doing something that is 
of some lasting benefit to mankind and to the world, 
such as the products of the researches of scientists, 
the discovery or development or invention of some- 
thing useful, or erecting great and useful structures. 
Students have their choice, some look only for the 
dollar, others for something higher; the choice of their 
college course depends somewhat on this; many persons 
have made much money without having had a college 
course, but today the so-called self-made engineer 
who has not had a higher education and has not made 
up for it later, is hopelessly handicapped as an engineer 
in competition with those who have. : 

The engineer deals with the laws of nature, which 
govern him; nature is mercilessly strict in insisting on 
their enforcement to the letter; such a training there- 
for, tends to develop a respect for laws, an instinctive 
effort to do only what is right and to abhor what is 
wrong. He cannot cover up his faults or ignorance as 
doctors, lawyers, financiers and ministers can, and 
he must therefore be better trained. An engineering 
training is therefore also ethical in its effect. 


Discussion 


(Owing to the large volume of discussions on the educational 
papers presented at the Annual and the Pacific Coast Conventions 
it has been found advisable to omit them from this volume of 
Transaciions. They have, however, been published in full in 
pamphlet form and copies of the same may be procured by any- 
one interested on request to Institute Headquarters.) 


Baltimore Oil Cireuit Breaker Tests 


BY H. G2L0UIS 
Associate, A. I. E. E. 
Consolidated Gas Electric Light and Power Company, Baltimore, Md. 


Review of the Subject.—In view of the tremendous growth 
of electric power systems it has been realized for sometime by many 
of the larger operating companies that many of the old circuit 
breakers were not adequate for the increased duty. There seemed 
also to be considerable uncertainty as to the actual ratings of many 
of the more modern types. It was realized that this condition was 
largely due to the fact that the manufacturer was handicapped in 
making tests due to lack of power. These circumstances led the 
Consolidated Gas, Electric Light and Power Company of Balti- 
more and the Pennsylvania Water and Power Co. to make a series 
of otl switch tests on their interconnected 18,200-volt, 25-cycle 
power system, cooperating with the Westinghouse Electric and 
Manufacturing Company and the General Electric Company. 

The largest generating capacity used on these tests was 170,000 
kw. Currents obtained vary from 750 to 23,700 ruptured r. m. s. 
are amperes. 

All of the tests were made by throwing three-phase metallic 
short circuits directly on the system which the breaker under test 
was called upon to clear immediately. Proper protection of the 
system was provided in case of failure of test breaker. 

Three oscillographs were utilized to record the sequence of events. 

A total of about 200 short circuits was made directly on the 


Associate, A. I. E. E. 
Pennsylvania Water and Power Company. Baltimore, Md. 


and 


Baltimore system without any breakdown whatever of the major 
equipment of the two operating companies, and in practically all 
cases without causing more than a momentary voltage disturbance 
to the system. 

The results as described in the papers submitted by Messrs. 
Hilliard and MacNeill indicate that it is possible with proper 
design to build oil circuit breakers which can be relied upon to 
satisfactorily interrupt large currents on high-capacity systems 
many times in succession without damage to the breakers, without 


- oil throw, and without change of oil or adjustments. 
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HE tremendous growth of electric power systems 
ie with corresponding increase in size and: number 
of generators, feeders, transformers and other 
station apparatus, has thrown an ever increasing duty 
on the switching equipment. Likewise, the modern 
tendency to secure higher efficiency, economy and 
flexibility by interconnection of older systems and 
running all the generating stations in parallel, has still 
further augmented the burden of oil circuit breakers. 
The high degree of reliability and continuity of service 
generally expected; also necessitates high standards of 
oil circuit breaker performance. That not all of the 
oil breakers at present in service were able to meet 
these new demands, has been realized for some time by 
many of the larger operating companies. Older 
breakers . were proving themselves inadequate 
for heavy duty, while breakers of later design were 
not entirely satisfactory. Some breakers failed to 
clear short circuits, were badly injured or completely 
wrecked, throwing oil and parts around by explosive 
action, with consequent danger to. other ap- 
paratus and station attendants. Occasionally even 
serious oil fires would result from the failure of a breaker 
forcing the operators to abandon the station for a time. 
Even when breakers cleared they were frequently 
damaged, requiring the breakers to be carefully gone 
over, repaired, and adjusted and refilled with oil, 
before being put back in service. That is, many 
breakers could not be relied upon to handle more than 
one heavy short circuit without repairs or adjustments 
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of some kind, making them virtually “one short’’ 
breakers. This limitation of the number of times a 
breaker could satisfactorily open heavy currents was 
indeed a serious drawback. 

There has also been considerable uncertainty as to 
the individual performance and rating of the various 
sizes and types of oil circuit breakers. This placed 
the selection of the proper type and size of breakers 
for new services, and design of new stations on a very 
uncertain basis, with little exact information upon 
which to base designs and selection of sizes. With 
the large investments involved, this lack of exact 
knowledge made a most undesirable condition. 

That this situation has existed for some time has 
largely been due to the fact that the manufacturers 
were handicapped in making tests to obtain the desired 
information, by the lack of sufficient power which 
would approximate conditions on actual power systems. 
Tests have been made before, but these were generally 
few in number or involved relatively small capacity, 
as most operating companies were averse to risking 
their equipment in any extended set of tests. Still 
this was necessary as a very important consideration 
is that small generator capacity not only limits the 
short circuit currents to low values, but causes the 
voltage to fall off so rapidly that a breaker opens a 
very low voltage, thus destroying the value of tests 
made under these conditions. 


These circumstances and conditions caused the 
Consolidated Gas Electric Light and Power Company 
of Baltimore and the Pennsylvania Water and Power 
Company to make an elaborate set of oil circuit 
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breaker tests on their. interconnected 13,200-volt, 
25-cycle power system, in cooperation with the Westing- 
house Electric and Manufacturing Company and the 
General Electric Company, which furnished the switches 
tested. Generator, transmission line and cable ca- 
pacity were furnished equalling or even exceeding 
normal operating conditions. The fact is the currents 
obtained in the tests exceeded those usually met with 
in short circuits on thissystem. All the tests were made 
by throwing ‘dead’ metallic short circuits on the 
entire connected system, which the breaker under 
test was called upon to open. 
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Fig. 1—Systrem Diagram 


Baltimore Gas, Electric Light and Power and Pennsylvania Water and 
Power Companies. 


The Canton substation in Baltimore was selected 
as the best location for these tests for several reasons: 

It is situated about seven miles from Westport, 
the main steam generating station of the Consolidated 
Company, and about forty-one miles from the hydraulic 
power plant at Holtwood of the Pennsylvania Water 
‘and Power Co. and current can thus readily be supplied 
from both of these generating stations over a large 
number of cables and transmission lines, as shown in 
Fig. 1. The current in this way becomes well distrib- 
uted on the generators, transformers and feeders, 
without excessive overloading of any individual units. 

Some other locations such as Westport might have 
given higher initial currents, but these would have 
caused the voltage to fall off more rapidly: due to 
greater demagnetizing action, thereby making it 
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questionable whether the breakers actually would be 
subjected to a more severe duty than at Canton. 
Actual test results showed the great effect of sustained 
voltage. The voltage at Canton, 7. e., the re-established 
voltage, appearing right after the short circuit was 
cleared was never less than 77 per cent normal voltage, 
even after the heaviest short circuits obtained, and 
on lighter short circuits was practically normal. 


Furthermore available space at Canton permitted 
of convenient arrangement of sheds sheltering oil 
breakers under test outside of the station. These 
also could be located so as to be of little or no hazard 
to either the company’s or other people’s property in 
case of failure of the switch. It was, also possible for 
observers carefully to watch the tests at a safe distance 
with little danger to themselves. “ 


CAPACITY OF SYSTEM 


The main steam generating station of the Consoli- 
dated Gas. Electric Light and Power Company, 
which is located at Westport, has a generating capacity 
of 127,500 kw. in steam driven turbo-generators, 
of which 87,500 kw. was usually available for tests. 
The generating station of the Pennsylvania Water and 
Power Co., at Holtwood, Pa., has a generating capacity 
of 838,500 kw. in water-driven units. There is also 
one 20,000-kw. steam-driven unit at the Pratt St. 
Station in Baltimore. These three generating stations 
are interconnected through a number of substations, 
giving the system a combined generating capacity of 
231,000 kw. The maximum generating capacity used 
in these tests was 170,000 kw. Canton substation is 
directly connected with the Westport steam station 
by four 26,000-volt submarine cables, banks of trans- 


‘formers being provided at either end, and is also tied 


to the city network by eight 13,200-volt cables through 
the Pennsylvania Water and Power Co. Highlandtown 
substation. 

As breakers of various rupturing capacities were 
tested, it was necessary to get various values of short- 
circuit current. Also, some tests were made by starting 
in at low values of current. 

To obtain these short-circuit currents of different 
magnitudes the number of generating units was varied 
to some extent, but the main variation in current was 
obtained by changing the cable connection between 
the generating stations and the test bus at Canton 
substation so that even in the case of the minimum 
current used a very large capacity was behind the 
short circuit. From the constants of the system the 
short-circuit current of a large number of possible 
combinations of generators, transformers, and trans- 
mission arrangements were thus calculated and these 
figures: used as guides for our set-ups in the tests. A 
typical arrangement used is shown on Fig. 2. It is 
perhaps remarkable to note that these calculations 
came within 5 to 15 per cent of the currents actually 
obtained in the tests at the time of rupture. 


642 


CURRENTS OBTAINED 


All the tests were made at 13,200 volts, 25 cycles. 
Short circuits ranging from 950 to 30,800 initial r. m. s. 
amperes and from 750 to 238,700 ruptured r.m.s. 
amperes were obtained. The water-power station 
being far removed from the test bus supplied about 
30 per cent of the initial short-circuit current, 70 per 
cent being supplied either by Westport alone or by 
Westport and Pratt St. stations. The maximum 
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Fig. 2—Typicat Test ARRANGEMENT OF SYSTEM 


Calculated short-circuit current: 
Initial = 29,400 r. m. s. amperes at 42.2 per cent power factor. 
After 5 cycles = 24,850 amperes at 39.3 per cent power factor. 


instantaneous loads on any of the generators did not 
exceed five times the normal load. Under the heavy 
short circuits, some cables (4/0) carried from 2000 to 
2500 amperes. 

Most of the short circuits were made across all three 
phases and ground. A few were across two phases 
and ground, and several on one phase and ground only. 
After finding that two-phase and single-phase short 
circuits produced severe vibration of turbo-generators, 
they were subsequently avoided. In this connection 
it should be pointed out that in the Baltimore system 
the neutral of all generators and transformers is ‘‘dead’”’ 
grounded without any resistance, so that in each three- 
phase test it was necessary for each individual phase 
of the oil circuit breaker to clear its own part of the 
short circuit without any help from the other phases, 
as might have been the case in any ungrounded or 
partially grounded system. 


TEST BREAKER ARRANGEMENT 

The general method of testing was to throw a dead 
short circuit on the breaker under test, which was 
set to open instantaneously. Two other oil circuit 
breakers were in series with the test breaker serving 
as protective breakers in case of failure of the: test 
breaker, being set for later opening. A separate switch 
was used to act as closing-in breaker exclusively. 
There were thus four breakers in all used in the test 
circuit, which was connected to the system set up to 
give the desired currents. 


LOUIS AND BANG: CIKCUIT BREAKER TESTS 


Transactions A. I. E. E. 


Fig. 3 shows the arrangement of the four breakers 
in detail. The breaker under test was next to the 
short-circuit connection, which provided a metallic 
short circuit between all three phases and ground. It 
was arranged to trip automatically by means of a 
plunger type relay with “instantaneous” time setting, 
the only delay being that due to the inherent charac- 
teristics of the mechanism and relay. This varied 
from three to nine cycles (0.12-0.386 sec.) The closing 
in breaker was non-automatic and was closed by means 
of a switch under the control of the oscillograph operator. 
The protective breakers were operated by Westinghouse 
type CO time element relays. In the earlier tests both 
of these breakers were operated by the same relays so 
that they would open simultaneously. In the later tests 
one of them located in the test shed, was set to open 
in about 10 cycles (0.4 sec.) after closing of the short 
circuit, so as to be the first to operate in case of failure 
of the test switch or other damage. The other pro- 
tective breaker was in the bus structure of the station 
itself, being part of the station equipment, thus acting 
as the connecting link between the test circuit and sta- 
tion bus. It was set so as to open in about twelve 
cycles (0.48 sec.), or a few cycles later than the other 
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Fie. 3—Dracram or Test BREAKER ARRANGEMENT AND 
CONNECTION OF OSCILLOGRAPH ELEMENTS 


tion not only against failure of test breaker, but against 
failure of closing-in breaker, or one protective breaker, 
also breakdown or short circuit of leads. Some of 
these different troubles were experienced during the 
tests. Both of these schemes of protection-proved to 
be absolutely adequate throughout the many tests, 
as in no case did the protective breakers fail to clear 
the test equipment from the bus in the station. 


TEST SHEDS 
The test breakers were placed in temporary sheds 
about ten feet from the station. Three breakers were 
originally placed in one shed, but as injury to the test 
breaker in early tests was communicated to the others 
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a second shed was built and the test breaker placed in 
it. The general arrangement is shown in Fig. 4. 
Doors were put in the ends of each shack, providing 
accessibility and ease of observation. 

Sheds were built of wooden framework, covered on 
the inside with galvanized corrugated iron as a pro- 
tection against the weather and fires. The floor of 
the first shed was dirt at first, but this was replaced 
later by a wooden floor to which the switches could 
be bolted to keep them from rocking. The floor of 
the second shed only was made of concrete. 


LEADS 

Leads to sheds from the station consisted of lead- 
covered varnished cambric single-conductor cables, 
size 4/0. These were brought to the sheds in tile 
ducts. Leads in the sheds to switches were flameproof 
varnished-cambric, rubber-insulated wire. 

It was learned by experience that the leads had to 
be carefully and securely braced. Magnetic stresses 


Fig. 
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produced by heavy short-circuit currents caused a 
great tendency of leads to shift and whip, sometimes 
resulting in breakdowns. It was also found that 
very careful attention had to be given to soldered 
joints and connections, as repeated heavy currents 
by heating and pulling action caused defective 
joints to open up with consequent arcs, which some- 
times spoiled the tests and often damaged other parts. 


Not only did this pertain to the connections in the 


test sheds but it was also of special importance in the 
leads in the station connected with the test, in order 


to prevent trouble being communicated to the rest of 


the station, as occurred in one case with considerable 
damage. Therefore, in the station proper, all buses 
were carefully gone over and specially braced. Dis- 
connects were also given special attention, in fact, 
' some of these were eliminated in any cables which 
carried excessive currents. 
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Fic. 5—OsciLLoGRAPHS AND CONTROL APPARATUS FOR TESTS 


MEASUREMENT OF TIME, CURRENTS AND VOLTAGE 


Three oscillographs containing three elements each 
were used, thus making a total of nine elements, and 
three films. Each of these generally recorded the 
current in one phase and corresponding voltage to 
ground. In order to provide a common timing curve 
two of the films in addition to their own voltage (to 
ground) also recorded the voltage corresponding to 
the third phase. The third film in addition to its 
phase current and voltage also recorded the ground 
current. 


Potential transformers were connected from each 
phase to ground at a point between the two protective 
breakers, thus providing a measure of voltage across 
each phase of the test breaker, showing in succession 


Fig. 6—Laminatep Suunts, 10,000-Amprrr, PLAcED IN A 
TRIANGULAR FRAME 
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full voltage before the short circuit, zero voltage and 
arcing voltage during the short circuit, and the re- 
established voltage after the short circuit was cleared, 
thus indicating the action of the various breakers. 
Fig. 5 shows a typical arrangement of these oscillo- 
leo i besos 

In some cases it was desired. to accentuate the scale 
of the arcing voltage, in which case one potential 
transformer was connected directly across one phase 
of the switch, and oscillograph resistances adjusted to 
give heavy deflection even at low voltage. This put 
excessive currents in the vibrator circuits, so a gold- 
leaf fuse was inserted in this circuit, which blew at 
high voltage which occurred due to complete restoration 
of voltage across breaker contacts on opening up. 
This scheme could not well have been used on all 
phases as it cut out other useful and necessary infor- 
mation obtained with the regular connection. A 
study of the voltage at the arc was also obtained by 
making photographic enlargements of parts of the 
oscillograms of voltage waves taken in the regular 
way. 

For current measurements, slip-over type current 
transformers were used by one manufacturer. These 
were put on the line between the two protective breakers. 
The other company used shunts to measure current. 
As the use of these brought the oscillograph elements 
to the same potential as the shunts, these shunts were 


put in the leads at the short-circuited and grounded: 
To further insure keeping , 
this grounded end at ground potential and prevent the | 


end of the test breaker. 


burning open of this ground, the size of this ground 
wire was doubled, two 4/0 wires beingused. The scheme 
worked out generally satisfactorily, as no markedly 
bad effects were experienced, although shunt leads 
were charred in the conduit several times. 


In the first tests the shunts were located in the same - 


plane. In later tests they were located in the corners 
of a triangular wooden frame with axes parallel to 
incoming current leads, see Fig. 6.. Care was taken 
to bring the instrument leads out from the center line 
of the shunts. These instrument leads consisted of 
twisted pairs; an important consideration, as failure 
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to twist these leads in early tests had caused errors 
due to inductance effects. The latest arrangements 
of leads and shunts were made so as to reduce the effects 
of inductance to a minimum; in fact results indicated 
these to be practically negligible. 

Current transformers and shunts each have their 
particular advantages as well as faults. There is some 
question as to how accurately current transformers 
record transient phenomena. Furthermore the par- 
tial saturation of the iron produced by heavy overloads 
during short circuit introduces other errors. However, 
current transformers can carry surprisingly heavy 
overloads with a fair degree of accuracy. It should be 
remembered that the oscillograph itself has but limited 
accuracy. On the other hand shunts record accurately 
transient phenomena. They are, however, subject to 
inductive effects, which can introduce considerable 
error. The uneven distribution of current in these 
may also introduce other, though probably slight errors. 
The ever present danger of putting line voltage on the 
oscillograph is of course a serious objection. 


OSCILLOGRAPH LAYOUT 


In the Westinghouse tests three oscillographs as 
developed by J. W. Legg were used. The special 
features of these oscillographs. are described in detail 
in the July, 1920, JoURNAL of the A. I. E. E. and will 
not be dwelt on here, except to point out such outstand- 
ing features as the use of incandescent lamps instead 
of are lamps as a source of light, and the automatic 
arrangements which make it possible to secure the 
start of the short circuit at the beginning of the film, 
thereby making it possible to use satisfactorily short 
films only 12 in. long. In the G. E. tests, three stand- 
ard G. E. oscillographs were used, all driven from the 
same jack shaft. - 24-in. films were used, and the general 
method adopted was to start the oscillograph a moment 
before the short circuit was applied, and then close 
in the oil switch which applied the short circuit to the 
system independent of the oscillograph, both the switches 
controlling the oscillograph and the closing-in breaker, 
however, being under the immediate control of the 
oscillograph operator. 
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ANALYSIS OF OSCILLOGRAMS 

Fig.-7 shows a typical oscillogram. The bottom 
curve represents the current in A phase and the top 
curve the corresponding voltage measured to ground. 
The middle curve represents the above mentioned 
reference voltage (C phase). It will be noticed that 
A-phase voltage becomes zero ‘the moment the short 
circuit current appears, but later on reappears as a 
typical “arcing voltage’, with the well known flat 
are characteristic, corresponding to the instant the 
arcing contacts separate. After a little over one-half 
cycle of arcing the current in this case is ruptured and 
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tion of this method in detail in one particular case. As 
indicated, the current is divided into an a-c. and a d-¢. 
component whenever unsymmetrical and the true 
r.m.s. value of current at any moment is obtained by 
combining the effective a-c. component (J,...) and the 
d-c. component (Jz...) in the usual way, 2. e., 
Ti 2s aad Loe baa, + P32 

To determine the true r. m. s. value which the breaker 
interrupted, the component parts are taken from the 
films at the moment the are voltage first appeared, 
1.€., at the instant the’ arcing tips parted. At this 
time in most cases, however, the d-c. component of 
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practically normal phase voltage reappears. By far 
the larger percentage of short circuits seem to break 
the are at the zero point of the current wave corres- 
ponding to the time at which the magnetically stored 
energy of the system is a minimum. Occasionally 
exceptions are found to this rule. Oscillogram Fig. 8 
shows such a case where the are broke about 1/10 
cycle after passing through its zero point. The method 
adopted in determining the r. m. s. current value from 
the oscillograms was the one described in the A. I. E. E. 
paper of February 19, 1918, by Messrs. Hewlett, Ma- 
honey and Burnham on the rating and selection of oil 
circuit breakers. Illustration Fig. 9 shows the applica- 


the current wave was usually negligible. To determine 
the maximum r.m.s. obtained on the short circuit, 
the components parts were taken at the peak of either 
of the first two half waves, depending on which was 
the largest. Unless specifically stated otherwise, all 
the current values quoted in this and subsequent 
papers refer however to the actually ruptured arc 
amperes and not to the initial amperes. 


EFFECT ON THE SYSTEM 


It may be interesting to note that it has been possible 
to make a total of about 200 short circuits directly 
on the Baltimore system at Canton, many of which 
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involve the largest short circuit obtainable at this 
place without any breakdown whatever of the major 
equipment of the two operating companies, and with 
no more than two serious disturbances resulting to 
the system, one being due to the opening of a discon- 
nector in the station, and the other being caused by 
the burning open of one of the leads in the station at 
its terminal. All of the tests naturally meant momen- 
tary voltage disturbances to the system, and for this 
reason most of the tests were made after midnight or 
on Sunday morning when such momentary distur- 
bances could best be tolerated. In some of the later 
tests the load of a number of the more important cus- 
tomers was also carried on separate generators apart 
from the tests. In no case did the two power companies 
generators fall out of step, and in only a few cases 
was any of the customers’ synchronous load lost mo- 
mentarily. The most sensitive equipment on the 
system seemed to be the rectifiers used for street lighting 
which frequently would drop out, but as these could 
always be re-started immediately, this was not con- 
sidered of serious consequence. The chief reason for 
the fact that it was possible to make so many short 
circuits with so little serious interference with the sys- 
tem lies undoubtedly in the short duration the short 
circuit was permitted to hang on to the system, usually 
not more than 14 second and never more than 14 second. 
Additional reasons may be the fact that short circuits 
were not made directly at the generating stations so 
that there would always be some voltage left on the 
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generators to maintain synchronism, and the fact 
that the system in question is equipped with a carefully 
designed and adjusted selective relay system. 


CONCLUSIONS 


In the papers presented by Messrs. Hilliard and 
MacNeill the individual performance of a number of 
breakers are described in detail and will therefore not 
be dwelt on here. A study of these papers will show 
that the tests have resulted in marked improvements 
in the design and performance of oil circuit breakers for 
moderate voltage and high interrupting capacity. 
The results unquestionably indicate that it is possible, 
with proper design, to build oil circuit breakers which 
can be relied upon to satisfactorily interrupt large 
currents on high-capacity systems many times in suc- 
cession without damage to the breaker, without any 
oil throw and without change of oil or adjustments. 

The tests have also proved that it is possible to con- 
duct a series of tests directly on a modern system 
without damage to equipment and without serious 
interference to its normal operation. It is hoped that 
this fact will encourage other operating companies to 
cooperate with the manufacturers in further improve- 
ments of oil switches of other designs and ratings to 
the benefit of the whole industry. 


Discussion 
For discussion of this paper see page 662. 
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Tests on General Electric Oil Circuit Breakers 


at Baltimore 
BY J. D. HILLIARD 


General Electric Company, Schenectady, N. Y. 


URING the year 1920 an invitation was received 
by the General Electric Company from the 
Consolidated Gas Electric Light and Power 

Company of Baltimore, Maryland and the Pennsyl- 
vania Water and Power Company to submit oil circuit 
breakers for test on their system in Baltimore: The 
object: of the test. was to develop a breaker which would 
satisfactorily handle a short circuit on the 18,200-volt, 
25-cycle system as it then existed, and show an apparent 
factor of safety at that load (20;000 to 25,000 r. m.s. 
amperes) which would be fairly conclusive to them that 
the breaker would also handle a short circuit on the 
system of at. least 40,000 amperes. r.m.s. when the 
generating capacity had been increased by a proposed 
new generating station. 

The tests proposed offered greater advantage than 
any heretofore made because the power available 
for testing at this voltage was much greater than any 
previously employed, because the breakers were -to 
interrupt short circuits at the working busbars of the 
system, instead of utilizing an isolated bus section as 
had heretofore usually been the case at tests, and 
because the tests were to be made by the two companies 
above mentioned who were to make the report of tests 
and draw their own conclusions as to operations. 

It is obvious that without an exact knowledge of the 
facts and conditions governing the tests the engineers 
of power companies might draw wrong conclusions, 
and if these conclusions were applied to their own 
system they might be unduly concerned with their 
equipment, which as a matter of fact might be per- 
fectly safe under their conditions of operation. For 
that reason it was stipulated that no report of opera- 
tions were to be made public without the consent of 
all parties concerned. 

It is important to emphasize that the tests on General 
Electric apparatus herein reported are not to be taken 
as applying universally to all 18,200-volt, 25-cycle 
systems and circuit connections but are conclusive only 
upon this particular system under the particular con- 
nections used during the tests with the special circuit 
breakers tested. Conclusions drawn from these tests 
and applied to systems where different conditions 
exist and where standard breakers are installed may 
lead to unfortunate results. It is believed that the 
wisdom of the company’s conservative policy in the 
rating of current-interrupting apparatus is conclu- 
sively proved by these tests. 

After it had been decided that the company 
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would accept the invitation and submit breakers for 
test, consideration was given to the selection of the 
type of breaker best suited to meet the severe conditions. 
The Type F H breaker was decided upon for the follow- 
ing reasons: Its satisfactory. operation in the past; 
the small quantity of oil these breakers contain relative 
to their interrupting capacity, with a corresponding 
small fire risk; the great strength of the oil-vessel; 
the ease of making inspections and contact repairs 
on the spot, or of substituting spare vessels and inspect- 
ing those removed. at leisure; the impossibility of the 
are going to ground by burning through the insulating 
lining of the oil tank; the fact that since each arc is 
drawn in its own tank there is no possibility of the 
arcs whipping together causingasustained short circuit; 
the possibility of greatly increasing the interrupting 
capacity of this type of breaker in a cell of the standard 
floor space and the fact that so many stations were 
already equipped with this type of breaker. 

After some preliminary testing the Consolidated 
Gas, Light and Power Company changes the specifi- 
cations as to the number of short circuits the breaker 
was to open, from two to five successive short circuits 
at two-minute intervals. The tests as reported in 
this paper, which were to determine the suitability of 
the breaker to handle five successive short circuits 
with all the power the operating companies could deliver 
were not begun until after the changes indicated as a 
result of the preliminary tests had been made. The 
remodeled breakers consisted of one F H-3 Y, one 
F H-6 Y and one F H-9 Y, and a single pole of the 
experimental / H D-17 Y the so-called dead pot F H 
breaker. The remodeled type F H Y breakers differed 
from the standard type F H breakers in having heavier 
tops, contact rods, bolts and bolting members, also 
heavier internal baffle construction, and an external 
separating chamber of insulating material, leading from 
the top of each oil tank, through which the gas is ejected 
and in which chamber any atomized oil vapor is re- 
tained by the condensing material contained in the 
tube, and returned to the oil tank. Various lengths 
of oil tanks were also provided and tested as well as 
various separating arrangements in order to determine 
the one most satisfactory to prevent oil throw. 

This external separator was so designed that it could 
be placed on the present type FH breaker in the 
standard size cells after suitable modifications have 
been made to the breaker elements. 


THE TESTS 


Type F H-3 Y breaker interrupted an average cur- 
rent of 20,600 r. m. s. amperes once without oil throw. 
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The same breaker interrupted an average current a 
second time at 20,200 r.m.s. amperes at the arc 
without oil throw. At this second shot a defective 
lever arm on the mechanism broke and the breaker 
was not tested further. -The generator capacity con- 
nected was 147,000 kw., oscillograms 1386 A, B, C show 
the circuit phenomena during the interruption. Fig. 1 
and Fig. 2 show the triple-pole breaker and a single- 
pole element as tested, and Fig. 3 shows a standard 
single-pole element of the breaker as furnished for 
standard production orders. 

The type F H-6 Y breaker interrupted five successive 
short circuits averaging 20,200 r.m.s. are amperes. 
A few drops of oil was the extent of the oil throw in 
any of the tests. Some smoke was emitted from the 
separating pipes but no distress was shown by the 
breaker and it was evident that the load interrupted 
was much below its interrupting capacity. The 
generator capacity connected was 147,500 kw. oscillo- 
grams 129, A, B, C show the circuit phenomena during 
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the interruption. Fig. 4 and Fig. 5 show the triple- 
pole breaker and a single pole element as tested. 

The type F H-9 Y breaker interrupted five successive 
short circuits with an average current of 19,160 r. m.s. 
are amperes. The oil throw was limited to a few drops 
during any test except from a leaky gasket on phase C. 
The breaker evidently has a large reserve interrupting 
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the single-pole element as tested. This test of the 
type F H D-17 Y breaker was a single-pole test; the 
other two poles at the time of the test were the type 
F H-9_Y breaker elements. 

This type F H D-17 Y breaker was not tested witn 
its regular operating mechanism but with the standard 
type F H-9 Y mechanism, the single-pole element 


18000 P211.5. AMPS.” 


OscILLOGRAM No. 147 


capacity above any load which could be thrown on 
it during the tests. The generator capacity connected 
was 147,500 kw. oscillograms 140 A, B, C show the 
circuit phenomena during the interruption. 

The type F H D-17 Y breaker—single pole element— 
interrupted five successive short circuits averaging 
17,670 r.m.s. are amperes. During this series of tests 


Fic. 6—Tyrze F H D-17 Y Or Circurr Breaker, SINGLE- 
Pots Unit, 15,000 Vouts, 1200 Amprres 


the oil throw was very small and it was evident that 
the interrupting capacity of the breaker was much 
greater than the available load which could be thrown 
upon it from the system. The generator capacity 
connected was 147,500 kw. Oscillogram 147 shows 
the phase phenomena during the test. Fig. 6 shows 


therefore did not show the exact characteristics it 
would have shown if its own operating mechanism 
had been used. The burning of the contacts and 
contact rods for the five short circuits was small on 
all of the breakers tested and was substantially the 
same for all breakers (about 14 inch was burned from 
the end of each contact rod.) This is what would be 
expected because the size of all contact rods was the 
same. 

The quantity of oil lost was negligible and was as 
to be expected less in the larger oil tanks than in the 
small tanks. The interrupting property. of the oil 
was not seriously affected by the five interruptions and 
it is evident that oil deterioration is not the factor 
which will determine the number of interruptions 
which can be made by any of these breakers. 

The interrupting capacity of any of the F H Y type 
breakers can be increased to almost any desired current 
by making a small modification of the oil vessels, but 
the number of interruptions which can be safely made 
at any current and voltage will, of course, decrease 
with the increase of current, unless the arcing contacts 
are increased in size at the same time the current to be 
interrupted is increased. 

The Baltimore tests, as well as other tests where 
large currents have been interrupted, have demon- 
strated the necessity of maintaining the arcing contacts 
in good condition, because the safety of the main 
contacts are determined by the condition of the arcing 
contacts. These remarks, apply to oil circuit breakers 
of any type. 

The breaker may be designed for instance to stand 
four interruptions, but if it has handled two interrup- 
tions without examination there are but two left at 
the guaranteed rating, and at the next case of trouble 
the breaker may have to open so many times that the 
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main brushes will be seriously burned before the trouble 
is remedied, and if so, the carrying capacity of the 
breaker will be seriously affected. The necessity of 
keeping the arcing contacts in first class condition at 
all times on breakers of any type interrupting large 
currents cannot be overemphasized, the continuous 
operation of the system and the safety of the breaker 
both require it. 

In the recording by the oscillograph of the currents 
interrupted, shunts were used instead of current trans- 
formers, as the company’s engineers feel that they more 
correctly record the transient phenomena. 

In taking the records, two foot films were used 
as their use enabled us to spread out the wave and thus 
secure a better record and at the same time assured a 
record of any delayed phenomena, such as the re- 
establishment of the arc, should it occur, which could 
not be had with the short film. With the long film it 
is also possible to obtain a good record without adjust- 
ment of the drive of the oscillograph on breakers having 
widely different speed characteristics. 
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ConcLustons 

The test proved that the F H type of breakers could 
be constructed to interrupt the heaviest short circuit 
on a large power system within its voltage rating and 
without oil throw; that the present line of type F H 
breakers could be changed so as to be free from oil 
throw at their present rating. 

We wish to here express our ae of the many 
favors shown us by the power companies during the 
tests. The manufacturing and operating companies 
both are deeply indebted to them for supplying the 
facilities and labor with which to make the tests which 
made possible the realizing of results not otherwise 
obtainable at that time. It tooka great deal of courage 
to throw repeated short circuits on the combined sys- 
tems and the results showed that their belief in their 
engineering practise and substantial construction were 
merited, as not a single serious accident to personnel 
or apparatus occurred during the series of tests. 


Discussion 
For discussion of this. paper see page 662. 
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Tests on Westinghouse Oil Circuit Breakers 


at Baltimore 
BY J: B. MacNEILL 


Associate, A. I, E. E. 
Westinghouse Electric and Manufacturing Company, E. Pittsburgh, Pa. 


This paper deals with short-circuit tests made recently at Baltimore on dead tank oil circuit breakers of Westing- 


house manufacture. 


Tests were made against the combined capacities of the Consolidated Gas, Electric Light & Power 


Company and the Pennsylvania Water & Power Company systems, and currents as high as 24,000 amperes at 13,200 


volts were interrupted repeatedly. 


Tests on breakers of different sizes are described, the rupturing capacity ratings of 


the breakers referred to, ranging from 10,000 amperes at 15,000 volts up to 40,000 amperes at 15,000 volts. 
Improvements of design and construction have greatly increased the ability of this type and make of breaker to 


handle heavy short-circuit currents and severe duty cycles. 


circuits, including oil throwing and gas ejection, has been controlled and the fire hazard greatly reduced. 


The demonstration connected with the opening of heavy short 


A positive 


means for preventing oil throw, while at the same time relieving gas pressures in breaker tanks, has been developed. 
Data are given regarding tripping speed, length of arc duration, and condition of the oil and circuit-breaker struc- 


ture after the tests. 


HE electrical industry as a whole owes a debt of 
gratitude to the Consolidated Gas, Electric 
Light and Power Company and the Pennsyl- 
vania Water and Power Company for the broadminded 
and capable manner with which they have attacked 
the difficult problem of determining the capacities of 
heavy power house oil circuit breakers. While con- 
siderable testing of a similar nature had been done 
from time to time in the past, nothing approaching in 
scope the tests recently completed at Baltimore had 
been undertaken previously. These operating com- 
panies have in this work assumed large expenses and 
operating risks which could only be compensated for 
by the far-reaching results achieved. 


The time was ripe for such a series of tests. Power 
concentrations have grown to a point where the ca- 
pacity and price of switching equipment are serious 
considerations. Operating requirements also have be- 
come more diversified and actual test data under field 
conditions were needed to meet them. There has 
grown a strict demand for circuit breakers that will 
function satisfactorily under maximum operating con- 
ditions as the results of inadequate performance 
become more hazardous with the growth of switching 
equipment. 

The breakers tested by the Westinghouse company 
were all of the dead tank form (see Figs. 5, 7, 9, 11) 
this being the general form of oil breaker built by this 
company for many years. The general features of all 
these breakers are the same, and the more significant of 
these are as follows: 


All tank structures and mechanism parts are dead and can 
be solidly grounded. 

All contacts, that is the main current-carrying contacts and 
the arcing tip contacts, are made and broken inside the oil tanks. 

The breaker closes against gravity and opens with gravity, 
accelerated by spring action, both in normal operation and also 
in event of failure of closing power, failure of mechanical linkage, 
or failure of latch. 


Presented at the Annual Convention} of the A. I. E. E., 
Niagara Falls, Ontario, June 26-30, 1922. 


The purpose of this paper is to give the results which 
are of most general interest with some of the more 
important details. Briefly, the more marked improve- 
ments in this type of breaker, as a result of these tests, 
consist in: 


Fig. 1—ELectricaLLy OPERATED O1L BREAKER SHOWING 
GENERAL FratuReES OF DEAap TANK BREAKERS 
Westinghouse type 0-2, 4000-ampere, 15,000-volt. 


(1) Decrease in energy losses within the tanks, with improved 
eontrol of ares and gases formed. 

(2) Scientific relief of pressures generated combined with 
reinforcement of mechanical construction where necessary. 

(3) Elimination of oil throwing. 
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The result of these improvements has been increased 
rupturing capacity and ability to handle more severe 
duty cycles. 

It was realized at the start that a knowledge of pres- 
sures developed in the tank structure at the time of 


Fig. 2—PrRESSURE GAGE 
Used in tests on Westinghouse Oil Breakers. 


rupturing short circuits was necessary. The small 
pressure gage shown in Fig. 2 was devised so that it 
could be placed in any location in a tank without 
interfering with the operation of the breaker as would 
be the case if the device were large enough to cause 
grounds or short circuits within the tank. This type 
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of gage consists of a piston a, which is free to slide 
in a cylinder b, but the chamber c of which is sealed 
from the surrounding medium. The pressure in 
the breaker tank, acting on the piston, causes the ball d 
to make an impression on the lead washer e and the 
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corresponding pressure can be read from the cali- 
bration curve shown in Fig. 3. 

While the results secured from such a device are 
probably not accurate and have to be used with care, 
still they are very useful in determining the distri- 
bution of pressure over a breaker structure, and in 
determining relative pressures in breakers of different 
sizes and different types of design. 

Quite early in the series of tests, it was found ex- 
tremely desirable to provide ventilating and cushioning 
means for taking care of the pressures generated at 
the time of opening the circuit. It is realized that a 
considerable pressure in the tank is necessary to help 
quench the arc, but the more violent pressures due to 
gas explosions are not necessary for this purpose, and 
the ability of a given structure especially on repeated 
short circuits, can be increased by minimizing such 
pressures. The oil separator shown in Fig. 4 was 
developed for this purpose. 
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Fig. 4—Or1n SEPARATOR 


The oil separator was designed with the idea of 
ventilating gas mixtures, relieving pressures due to 
gas formation, and still preventing the throwing of 
oil from the structure. This separator consists of 
several concentric cylinders, the inside one being con- 
nected directly to the tank and the outside ones to the 
atmosphere. The mixtures of oil and gas entering 
the first chamber from the tank passes at high velocity 
out of the first chamber c through the row of holes d, 
and must then change its direction of flow in order to 
pass out of the second chamber e through the holes f, 
which are 180 degrees away from the holes d in the 
first path. In this way, going from the inner to the 
outer chamber at constantly decreasing velocity, the 
oil being acted upon by gravity drops into the bottom 
of the outer chamber and the gas flows through the 
vent g. With a properly designed oil separator, only 
a mist of highly vaporized oil escapes on the heaviest 
short circuits from the breaker structure with the gas, 
and the rest returns to the tank automatically by 
gravity as soon as the pressure is relieved. . 

The largest breaker tested was the Type ‘‘O-3” 
shown in Fig.5. This is a three-pole electrically opera- 
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Tanks down— Pole covers removed, 
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Fie. 5—WestTINGHOUSE Typz 0-3 O1L BREAKER 
Three-pole, 1200-ampere, 25,000-volt, electrically operated. 
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ted round tank breaker with condenser type terminals, 
parallel path contacts, and noninflammable insulating 
tank lining. ‘The inside diameter of the tank is 24 
inches. This breaker was subjected to eight short 
circuits on a system set-up calculated at 29,400 initial 
r.m.s. amperes. The current actually ruptured by 
the breaker varied all the way from 16,000 r.m.s. 
amperes to 24,000 r.m.s. amperes. The last seven 
short circuits were made in succession without inspec- 
tion of the breaker, and the time elements between 
short circuits varied from 114 minutes up to 35 minutes. 
Probably a small wine glass full of oil was ejected 
from the three poles during the whole eight tests, 
mostly in highly atomized. form through the mufflers. 

As the rupturing capacity rating of this breaker is 


Arranged for test. 
A 
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Fic. 7—WESTINGHOUSE TyPpr C O-2 O11 BREAKER 
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that deterioration consisted of burning on the arcing 
tips, singeing of the tank liners, and some pitting of 
the corners of the main brush. Later tests will show 
how pitting of the main contact was reduced. Fig. 6 
gives a typical set of three-phase oscillograms showing 
line current, line voltages and ground current. 

The ground current J, is interesting as at times it 
rises to considerable values and is due to the ares in 
the different phases being extinguished at different 
times as they reach the zero point of their respective 
current waves. In order to dispose of a question on 
which there has been some discussion in years past, 
we point out that in all these tests we have not found a 
case where the are was not ruptured at the zero point 
of the current wave. 


Contacts after seven short circuits (see text.) 


B 


Three-pole, 1200-ampere, 25,000-volt, electrically operated. 


40,000 r.m.s. amperes at 15,000 volts, the pressure 
generated inside the tanks on these tests was small, 
amounting momentarily to about 5 per cent of the value 
of hydrostatic pressure for which the structure is good. 

The arcing tips of this breaker opened three cycles 
after the short circuit was placed on the system, and 
the are in all cases was completely ruptured within 
four cycles from the time the short circuit was placed 
on the system, the average being 31% cycles (0:14 sec.). 


The average time of arcing was 0.5 of a cycle (0.02 sec.) — 


with a maximum of one cycle (0.04 sec.). Samples 
of the oil used, taken from the three tanks after the. 
completion of the test, broke down when stirred before 
testing at values varying from 14,000 to 24,000. volts 
on a 0.15-inch gap. Inspection of the breaker showed” 


The oscillogram of restored voltage is interesting, 
showing that the system held up remarkably well con- 
sidering the size of the short circuit, thus imposing the 
most severe kind of duty_on the breaker for a given 
current. This was because the short circuit at Canton 
Substation caused relatively small demagnetization 
of the machines connected to the system. It is im- 
portant to note.that a large percentage of restored 
voltage may cause the reestablishment of arcing and 
consequently more severe duty on the breaker than if 
the restored - voltage. is small due to killing of the 
machine fields). 

The type “6: 0-2” ser shows in Fig: 7 has a. 
-eylindrical tank per pole 20 inches in diameter, and 
the three-pole- ‘breaker is built into a compact self- 
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contained unit with tanks, terminals and mechanisms 
mounted on one steel base. It has parallel path con- 
tacts and condenser terminals. This breaker is a 
modification of the “C O-2” breakers now in general use. 

This breaker was tested seven times in succession 
without inspection or alteration on a system set-up 
calculated at approximately 20,000 r.m.s. amperes. 
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operations in quick succession might have on the 
structure. The breaker threw probably a half gallon 
of oil from each tank during the set of seven tests, 
this oil coming through the oil separators. This par- 
ticular oil separator was superseded by a superior 
design shown in Fig. 4, on subsequent breaker tests. 
Deterioration of parts was limited to burning of are- 
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Fig. 8—OscILLOGRAMS OF SHORT-CiRcuUIT TEST 
Westinghouse type C O-2 oil breaker. 


The current actually ruptured varied from 18,000 r.m.s. 
to 22,000 r.m.s. amperes. The arcing tips opened 
‘approximately 3.75 cycles (0.15 sec.) after the short 
circuit was thrown on, and the circuit was completely 
ruptured on the average of 4.25 cycles (0.17 sec.) 
from the time of short circuit. The time of arcing 
averaged 1% cycle (0.02 sec.). 

Five of the seven short circuits were made in a total 
time of nineteen minutes to determine what effect 


ing tips, pitting of corners of the main contacts, and a 
slight scorching of the fireproof insulating tank lining. 
Samples of oil when stirred broke down at values from 
12,000 to 18,000 volts on a 0.15-in. gap. As closely 
as could be determined, the maximum instantaneous 
tank pressure was about 12 per cent of the value of 
hydrostatic pressure for which the structure was good. 
Fig. 8 shows a typical oscillogram of this series of tests. 

The Type “O-1” breaker shown in Fig. 9 is a modi- 
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fication of the line now in general use, and was tested 
against a system set-up calling for 19,400 r.m.s. 
amperes, twelve times in succession. The first five 
short circuits were made in a period of eighteen minutes, 
and the last four were made in a period of four minutes 
without waiting for oscillograms. The other short 
circuits were made at varying intervals. Aside from 
readjusting a tank gasket after the fifth short circuit, 
the breaker was not altered during this period of tests. 


MacNEILL: OIL CIRCUIT BREAKER TESTS AT BALTIMORE 


Transactions A. I. E. E. 


the twelve tests was approximately two quarts which 
came through the oil separators in highly atomized 
form. Samples of the oil when stirred broke down from 
6000 to 7000 volts on a 0.15-in. gap. 

Deterioration of the contact parts was limited to 
burning of the arcing tips and slight pitting on some 
corners of the main contacts. There was no scorching 
of the tank lining. Momentary tank pressures in 
some cases had run as high as 14 of the hydrostatic 
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Fig. 10—OsctLLtocrams or SHort-Circuir Test 
Westinghouse type O-1 oil breaker. 


The current actually ruptured ranged from 19,000 
r.m.s. amperes to 23,900 r.m.s. amperes. The arc- 
ing tips parted on an average of approximately 3 cycles 
(0.12 see.) from the time of short circuit, and the cir- 
cuit was completely ruptured on an average of 3.6 
cycles (0.144 sec.) from time of short circuit, making 
an average time of arcing of approximately 0.6 cycle 
(0.024 sec.). 

The total amount of oil thrown from all phases on 


pressure for which the structure is good. Fig. 10 
shows typical oscillograms of this series of tests. : 
The Type “O E-6” breaker shown in Fig. 11 has 
cylindrical tanks 141% inches in diameter, and is built 
in single-phase units with a common mechanism and 
intermediate cell walls. This breaker was subjected 
to a final series of nine short circuits against a system 
set-up calculated at 19,400 r. m.s. amperes. The first 
five short circuits were made in a period of eighteen 
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Fic. 9—WESTINGHOUSE T'yPE O-1 O1L BREAKER 


1200-ampere, 25,000-volt, electrically operated. 
Arranged for test. 


minutes and others at varying intervals. The 
current actually opened ranged from 16,300 r.m.s. 
amperes to 21,000 r.m.s. amperes. The average time 
from the point of short circuit until the arcing tips 
parted was approximately 3.25 cycles (0.13 sec.), until 
the circuit was completely ruptured the time averaged 
3.75 cycles (0.15 sec.) and the period of arcing averaged 
0.5 cycle (0.02 sec.). The amount of oil thrown was 
practically negligible, being limited to a few drops 
that leaked through gaskets from time to time, and a 
slight amount in highly atomized form through the 
mufflers amounting to half a cup full for the whole 
series of tests for three vessels. 


The oil was extremely black and muddy at the end 
of the test, and while not tested for breakdown prob- 
ably was not good when stirred up for more than 25 
per cent of its original test value of 35,000 volts on 
0.15-in. gap. 

The deterioration of contact parts was limited to 
slight scars on the tank lining, and a rather slight 
amount of burning on the arcing tips considering the 
severity of the service. There was absolutely no sign 
of pitting or burning on the main contact members, 
as previous test had indicated methods for eliminating 
this pitting. Fig. 12 shows typical oscillograms of 
this series of tests. 

The modified Type “E-6” breaker shown in Fig. 13 
is an elliptical tank breaker with the ordinary semi- 


Contacts:after nine short circuits. 


J 


Fic. 11—Westineuouse Tyre O £-6 Ort Circuit BREAKER 
Three-pole, 1200-ampere, 15,000-volt, electrically operated. 
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elliptical form of main contacts and combined porce- 
lain and micarta terminal insulation. It is built in 
single-phase units operated from a common mechan- 
ism, and with intermediate barrier walls. The tests 
on this breaker are exceedingly interesting, as they 
indicate the possibility of elliptical tank breakers for 
heavy power house service where for lack of -space, 
their use may be desirable. 

This breaker was subjected to a final test of ten 
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four minutes or an average of less than one minute 
between short circuits. ; 

Approximately one-half gallon of oil was thrown 
from each tank through the oil separators on the ten 
short circuits, this breaker having been equipped with 
oil separators giving less back pressure in order to 
relieve the tank pressure. Some little oil leaked out 
around the tank gaskets. 

Depreciation was limited to burning of the arcing 
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Fic. 12—OscrtLoarams or SHortT-Circuit Test 
Westinghouse type O E-6 oil breaker. 


short circuits on which the current actually ruptured 
varied from 10,000 r.m.s. amperes to 11,800 r. m.s. 
amperes. The average time from moment of short 
circuit until the arcing tips opened was approximately 
3 cycles (0.12 sec.), the average time until circuit was 
completely ruptured was 3.75 cycles (0.15 sec.) and the 
average time of arcing was 0.75 cycle (0.03 sec.). 
The last five short circuits were made in a period of 


contacts, slight pitting of the main contacts, and 
slight charring of the tank liners. Fig, 14 shows 
typical oscillograms of these tests. 

The results of the tests detailed above increase 
greatly our knowledge of the action of higher-power 
moderate-voltage circuit breakers of this make and 
type. We can not hastily draw conclusions regarding 
the action of breakers having different constructions 
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and operating under different conditions from those 
actually tested. However, it seems these tests have 
been comprehensive enough to warrant drawing some 
conclusions. 

It seems desirable from the point of view of securing 
maximum rupturing capacity in a given space that 
heavy power house breakers be equipped with means 
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repair is principally a function of the amount of copper 
in the arcing tips. 

With proper design, the condition of the oil does not 
seem as important as heretofore had been thought. 
This applies only to moderate voltage, heavy capacity 
breakers, such as those tested, and we wish to empha- 
size that regular inspection and good maintenance of 
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for freely venting large amounts of gases without at 
the same time throwing oil. 

It is evident that designs can be produced which 
will be capable of opening heavy short circuits several 
times in succession with intervals either short or long 
between succeeding openings. In other words, the 
life of the breaker between periods of inspection and 


>» 


oil is a desirable thing in connection with circuit breakers 
in general. 

It seems that designs can be made in which the 
distress on the breaker on repeated short circuits is no 
greater than that on the first or second short circuit. 
This, of course, requires a construction which does not 
depreciate in any way with succeeding short circuits, 
outside of the depreciation of contact details and oil. 
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All the tests detailed above were made on 25-cycle 
circuits, and it seems probable that the rupturing ca- 
pacity of a given breaker on 60 cycles is more than it 
would be on 25 cycles. The data show that on 25 
cycles with heavy currents of the order of 15,000 to 
20,000 amperes, the are can be expected to go out in 
less than one cycle after the arcing tips part. On 60 
cycles, the energy liberated in the tanks per half cycle 
is only two-fifths as much as on 25 cycles, and the 
opportunity for putting out the are occurs more fre- 
quently on 60 eycles. 

Circuit breakers can be made in which the oil content 


presents practically no fire hazard beyond that found 


in an oil-immersed transformer or feeder regulator. 


Fie. 13—Mopirirp Type #-6 BREAKER 
Showing application of ‘‘oil separators." 


It is well to call attention to the fact that sustained 
circuit voltage and high reestablished voltage are 
necessary to secure the maximum tests on a given 
breaker with a given service voltage. A truer cri- 
terion of the capacity of the breaker is the product 
of the current it opens and the voltage at the instant 
the contacts part. The severity of service also depends 
in many cases on the value of reestablished voltage. 
Very misleading results are likely to be obtained where 
these items are not taken into consideration. 

In connection with the above test results it is desired 
to emphasize the effective and speedy are rupture in 
all cases and the control of oil and gas Fhrow by means 
of positive separating devices. . 
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Discussion 
DISCUSSION ON BALTIMORE OIL CIRCUIT BREAKER 
TESTS (Louis anp Bana), 


TESTS ON GENERAL ELECTRIC OIL CIRCUIT 
BREAKERS AT BALTIMORE (Hitu1arp), 


TESTS ON WESTINGHOUSE OIL CIRCUIT BREAKERS 
AT BALTIMORE (MacNe111), 


Niagara Falls, Ontario, June 30, 1922 


B. G. Jamieson: I would like to make an announcement 
which I was commissioned to make by the Subcommittee of 
the A. I. E. E. on oil cireuit breakers. We have as a heritage 
a definition of duty cycle, which is fundamental in determining 
the rating of oil circuit breakers. That duty cycle, as defined 
by Hewlett, Burnham, Mahoney ina paper written about four 
years ago, represents the sumtotal of available literature on the 
subject. The adoption by the American Institute of Electrical 
Engineers of a standard definition is based on that paper. 


Unless we know what the duty cycle is, we do not know much 
about what the breaker will do, because we cannot purchase and 
install breakers on an equitable basis. 


One of the authors who presented a paper has emphasized the 
point that as the result of the Baltimore test it is a fair assumption 
that the closing of the breaker on the short cireuit is something 
of rather slight importance. A representative of another com- 
pany, equally interested, has stated that it is a matter of para- 
mount importance. Whatever the facts may be, you will notice 
that in all circuit breaker tests conducted in this country, at 
least, the manufacturers have always been very careful to close 
in the “‘first’’ and use the second breaker. 


I think we ought to know the facts on that point, and that 
brings me to a point I want to refer to specifically in connection 
with the announcement just made. The A. J. E. E. subcom- 
mittee on oil breakers has had a great deal of difficulty in defining 
specifically where the duty cycle should begin, and where it 
should end. It had some difficulty in-putting into words in 
which there was no ambiguity, just what the condition of the 
breaker should be at the end of the test. That matter has been 
disposed of. It has also been agreed that the breaker duty cycle 
should terminate with the switch in open position. 


About the beginning of the duty cycle the old ratings are said 
to have had for their intent the assumption that the duty cycle 
should begin with the breaker in the closed position, and that 
the standard rating of breakers is what is known popularly as 
two “‘shots.’’ Weare to understand that the breaker is supposed 
to be on the bus, and if opened once, it may be reclosed on the 
short, and open once more and then we are done, but we must 
know that the breaker is capable of being closed in on the short 
in the beginning. Some men’have gone so far as to say that it 
does not occur, and others say it does not oceur oftea. 


There is another position which can be taken, namely, a 
breaker in a power station, 200,000 kilowatts, closed in on short 
cireuits—and I can testify it does occur at times,—it seems al- 
most preposterous to say that we should withdraw from the 
specification, that the breaker must be capable of being pulled 
on, on a short, and opening it, it must be assumed that the breaker 
was first on the bus. 


Reeently I sent out a questionnaire on this point and got some 
replies. Unfortunately, the opinions were about evenly balanced. 
The Committee instructed me to send out another questionnaire, 
with the purpose of getting an opinion from every operating man 
as to whether or not it would be better for the definition, at least 
the definition given in the American Institute rules, to specify or 
not specify the breaker as capable of being closed in, on the short. 
I will draw your attention to the specifications for the 3-shot and 
4-shot breakers. In the case of the 3-shot breakers, at the 299th 
shot, the breaker must be closed in on the short, and the operator 
is supposed to close them on the first shot on the lower ranges. 
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We still have the option of operating breakers with the same 
degree of practical safety we have always had, it is simply put- 
ting the definition in the logical form, which will not require 
justification in the industry, either nationally or internationally. 

I want to say that questionnaires will be framed by representa- 
tives of the A. I. E. E., the N. E. L. A. and the Power Club, so 
that there will be no doubt about the way in which this question 
is presented. 

Referring now to these three papers, central station systems 
now require transmission system equipment of a few years ago 
for distribution, purposes. Immediate prospects of super-power 
systems behind this equipment and further electrification of 
industrial and railway systems beyond, focus our attention on 
those devices upon which the safety and thereby the practica- 
bility of this enormous energy combination depends. This makes 
particularly conspicuous the oil breaker, the most important of 
all protective devices. 

The knowledge that these tests were being conducted during 
the past year or two and the realization of their importance has 
kept us in an anticipatory state of mind, and it is, indeed, 
gratifying to learn that in the opinion of those most concerned 
the result of these tests point to successful achievement in breaker 
design. i 

I would like to qualify that statement a little bit saying that 
whereas that may be a bare statement, but regarding the results 
of these tests, the question is still before us as to what shall we 
do with the vast number of breakers that we have on our sys- 
tems, which are, at least, open to suspicion as to their interrupting 
ability. The various expedients that are being adopted, such 
as the installation of reactors and sectionalizing of systems 
are all practical enough, and very expensive, but it seems to me 
that what we are most interested in is not whether a breaker can 
be designed to interrupt a small amount of energy, but the ques- 
tion is—Can we afford to depend upon breakers for the isolation 
of defective portions of our system, or is the result going to be 
the development of a breaker we ean afford to use? Perhaps 
that is not an Institute matter, but I feel it is at the bottom of a 
great deal of the trouble which we are now having. 

When we reflect that inadequate breakers may transfer sys- 
tem trouble from a remote point into the generating station and 
possibly on the bus at that point, interrupting service, damaging 
property and endangering life, it is clear that everything should 
be done to establish fully the efficacy of oil breakers as a type, 
otherwise our protective engineering is but a grim travesty. 
At this point I would like to explain that the word ‘“‘inadequate”’ 
does not mean defective; it means insufficient, which is often as 
chargeable to the operator as to the manufacturer, perhaps 
properly more often. 

It is essential also to determine the functional capacity of oil 
breakers as energy interrupting devices in order that other ele- 
ments of the system or new devices may be made available to 
compensate or substitute for the conventional types of breakers 
beyond their established limitations. By that I mean that when 
some little device which may now be in the minds of research men, 
makes its appearance and makes big circuit breakers look like a 
joke, the sooner we know about that the better. 

Referring more specifically to the data as published in these 
papers, several important factors stand out. First, all short 
circuits were made beyond the closed test breakers. This 
method of test seems to some of us illogical, particularly so in 
consideration of the duty characteristics of reclosing breakers 
which are required to close in on a short as well as to interrupt 
the short cireuit. 

I am not advoeating the repeated closing of heavy duty 
breakers. I agree with Mr. MacNeill that it is unimportant, 
relatively, to the operator, to know what a breaker will do five or 
ten times. It does not matter whether the breaker stands up or 
not, but such service as that in a commercial system is beyond 
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the requirements. The effect on the system, drop in voltage, 
and loss of synehronism, produces a mechanical stress, and weak 
points which no one suspected, may be developed. I desire to 
repeat the statement, that is, what we should know is what a 
breaker will do once. I do not say that we should buy a breaker 
on that basis, but we should know if breakers, for which we pay 
thousands of dollars, will do the things they are designed to do 
in an emergency which occurs seldom. 

There should be no uncertainty as to how a breaker in a switch 
center of a large system will perform if it be closed in on a short 
circuit; the fact that such an event seldom occurs, notwithstand- 
ing. The importance of the successful performance of the 
breaker under such conditions is of such an order that there 
should be no question about its functioning. On the other hand, 
all tests were made with dead metallic shorts. This is an extreme 
condition which is seldom met with except when the breaker is 
closed in on a short by reason of some wrong connections. It is 
difficult to conceive of a dead metallic short (other than grounding 
devices) simultaneously established on three phases in a modern 
power house. Cable dielectric faults perhaps come closest to 
such a condition, but the average cable fault is usually at some 
distance from the power house. At this point I would like to eall 
the attention of operating men to the great hazard of grounding 
generating station buses, more particularly the practise of simul- 
taneous three-phase grounding which underlies modern 
methods. 

In the Louis and Bang paper the fact was brought out that 
77 per cent of normal voltage was re-established immediately 
after the are. That is interesting and together with the state- 
ment that the larger percentage of short circuits seemed to break 
at the zero point corresponding to the time at which the stored 
energy is a minimum, are very significant, and would undoub- 
tedly be the subject of a very profitable discussion, particularly 
for those who have in mind future tests on the same general order. 
If it is a fact having general application that tests may be more 
properly conducted at a point remote from the generating center, 
then tests of this sort may be combined with tests on relays, 
reactors and other protective devices functioning with the 
breaker. Also, reference to the effect that single and two-phase 
shorts caused severe vibration of generators, and to the effect 
that in no case did the generators fall out of step, are in my 
opinion noteworthy facts having a fundamental bearing on the 
results recorded in this series of tests. 

Please consider these two facts together with the previously 
stated fact, that the tests were made by means of dead metallic 
shorts on a system having a solidly grounded neutral. 

Now what I desire to bring out is that while we have obtained 
performance data of great value, in connection with certain types 
of breakers functioning under effects of short circuits, systemati- 
cally applied, and obeying very closely their natural decrement 
laws, with generators supplying the energy in rythmie harmony, 
and with voltage transients apparently suppressed, that unless 
more definiteness is given to the effects of short circuits origina- 
ting as single-phase faults and undergoing eycles of reestablish- 
ment, of generators out of phase with one another, as a result of 
the short and with voltage transients present, we may have our 
oil breaker rating based on ‘‘average’’ are amperes at normal 
voltage brought into question. 

In the paper by Mr. Hilliard an italicized statement on the 
first page seems at first reading to rather tend towards a discount- 
ing of the value of these tests by its restricted wording. Most 
engineers will understand what was intended by this statement, 
but it will be unfortunate for the art if an interpretation to the 
effect that these tests were special gains currency, thereby mini- 
It is note- 


sive interruptions at two minute intervals instead of the con- 
ventional number of two. : 
Statements that oil deterioration is not the factor which will 
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determine the number of interruptions that can be made is 
comforting to know, if it is a fact that has general application. 
Combining this statement with the expressed assurances of the 
manufacturers that they are able to prevent the throwing of oil, 
and with the statements made elsewhere that tanks can be built 
so there is no danger of bursting, we find that the problem of 
successful breaker operation is reduced to the maintenance of 
arcing contacts, which the manufacturer unreservedly applies 
to oil cireuit breakers of any type; this, then, becomes the erux 
of the whole matter, particularly where the duty cycle of the 
breaker requires repeated operation. 


The paper by Mr. MacNeill imposes less restrictions than the 
paper by Mr. Hilliard insofar as the making of deductions from 
the results of these tests is concerned. The switches tested were 
of the general form of oil breaker built by the Westinghouse 
Company for many years, the improvement being largely in 
methods utilized to prevent throwing of oil and the relief of pres- 
sure caused by the are gases. It is of interest to note that the 
author is able to point out definitely that throughout the test 
the are was always ruptured at the zero point of the current 
wave. This assumption has been questioned at times in the 
past. 


The suggestion of a differential rating for switches on 25 and 
60-cycle service is another point which it seems to me to be 
worth considering in the determination of switch duties. 

Attention of committee members is also directed to the state- 
ment of the author in the closing section of his paper regarding 
the effect of sustained voltage in imposing the maximum duty. 
As is stated, very misleading results are likely to be ontained in 
calculations of circuit breaker duty or performance where sus- 
tained or re-established voltage values are not given proper 
weight. This point appeals to me particularly in connection 
with private and committee work where failures of breakers have 
been reported. I think it is safe to say in general operating 
systems are woefully short of the proper registering devices to 
enable definite statements to be made regarding the successful 
or unsuccessful operation of breakers on system disturbances. 

In closing, following a thought suggested by the specification 
appearing on the first page of this paper, which reads “‘all tank 
structures and mechanism parts are dead and ean be solidly 
grounded,” in consideration of recent experiences and previous 
convictions of the operating personnel of our own company and 
with due regard to the development of iron clad central station 
switch gear, I believe that the art of developing safe oil 
breakers on systems backed up by heavy power will be a problem 
of considerably less magnitude accordingly as we remove solid 
grounds from proximity to the are rupturing elements of the 
present conventional type. 


A. A. Meyer: Regarding the risks the central station com- 
panies should assume for conducting oil cireuit breaker tests, I 
might call attention to the tests which were made by the 
Detroit Edison Company about five years ago. These were 
similar in many repsects to the Baltimore tests, and while they 
were not so numerous, they were of about the same magnitude. 

One feature I think should be pointed out here, viz., that the 
large connected ky-a. capacity which was mentioned in connec- 
tion with the Baltimore tests, was not all concentrated right at 
the point of the short circuit. In addition to the limited gener- 
ator capacity at the short, there were several inter-connected 
feeders several miles in length and having an appreciable im- 
pedance. 

Another item worthy of notice, is the fact that these tests were 
conducted usually on Sundays or nights, and during light load 
periods. You will appreciate that the magnetic energy being 
stored in a generating system during the light load periods, is of 
a small order and not so detrimental to the opening of the are by a 
breaker, as that during the heavy load periods. This was demon- 
strated in some of the Detroit tests. 
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I might add that tests on the 24,000-volt circuit breakers, and 
of such magnitude as conducted at Canton, are being made 
occasionally in Detroit at the present time. I say occasionally, 
and also inadvertently, if you please. Our breakers in service 
have been recently subjected to duty of an order as high as 
700,000 kv-a. and without any damage to the breaker. 

I am pleased to note that the tests were conducted with the 
aid of so many measuring instruments. These are very essential 
in obtaining reliable data, which may be used for comparison 
with previous results, as well as with results to be obtained in 
the future. 

It is unfortunate that some of the data obtained in these tests 
are being withheld from publication. Only such data have been 
published as concerns directly the latest type of breaker 
developed from these tests. There are considerable more data 
covering the older types, which have an important bearing on the 
circuit breakers which are so extensively installed in the various 
systems at the present time. Operating engineers are vitally 
concerned in the circuit breakers in service, and should have all 
information in order to take advantage of any improvements 
which might be applied to the present equipment. This is 
being denied and apparently for commercial reasons. 


W.L. Wallau: A year ago in Cleveland we made a few tests 


in a minor way. We were not equipped with oscillographs, but: 


we had certain conditions that we wanted to meet. We wanted 
to see if certain switches, which were inadequate on our 11,000- 
volt system, might possibly be used on our 4600-volt power 
distribution system. 

With 125,000 kv-a. connected to the generating station bus, 
we made tests at a substation some four miles distant. This 
substation was supplied by seven No. 4/0 cables operating in 
parallel, and the 4600-volt system for test purposes was supplied 
by three 3000-kv-a. stepdown banks. The switches themselves 
were connected to the secondary side of these banks in parallel 
through about 90 feet of 0000 cable. The load on the station, 
was about one-third of the generator capacity. These tests 
were carried out successfully without any undue disturbances 
on the system. The only trouble that developed was a ground 
on one cable, which was a self-healing puncture. 

What prompted us to make the test was that we had this same 
condition to meet inadvertently whenever a short circuit occurred 
on one of our 4600-volt power lines, close to the substation. 
Why should we not try to learn something from tests? We did 
learn that the particular switch that we wanted to use was 
inadequate even for a 4600-volt service. That was due to the 
larger current which it had to interrupt due to transformation 
ratio, as compared with the manufacturer’s rating at that voltage. 

The actual initial short-circuit current was of the order of 
about 15,000 amperes, and several types of switches were tested, 
and among them one switch with a very light mechanism which 
operated very speedily, and that switch stood up better than the 
others and we were able to repeat a short cireuit on that partic- 
ular switch with four banks of transformers, giving about 
18,000 amperes initially. 

I think, perhaps, all of us have been a little too conservative 
in offering our systems for experimental work, too much afraid 
of what was going to happen to the system. If we start to 
analyze our own conditions, we will see in our occasional short 
circuit that we have just as severe conditions as you would meet 
with on test. We may have a short circuit; which possibly 
results in a wrecked switch, but we do not wreck all the system, 
by any means, and do not anticipate we will wreck the system 
every time we have a short. 

In this particular system, on the 11,000-volt bus, it is possible 
in almost any substation to get an energy supply on short cir- 
cuit in the neighborhood of half a million kv-a., and as we operate 
our transmission cables to substations entirely in parallel, it 
puts a very heavy duty on any of the breakers, and the sub- 
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station breakers may open under reverse power to clear a fault 
in the cable fed by seven, eight, ten or even twelve lines. 


I want to emphasize Mr. Meyer’s point, the papers have not 
told us much about the troubles experienced. After all, the 
troubles are what we are interested in mostly, as much as the 
optimistic results which the manufacturers feel they can obtain 
later. 

Another thing we are interested in knowing is what can we 
do with the breakers on our systems to modify them so that they 
can be used where we want them. [fn the past I have had occa- 
sion to report a large number of failures on the G. EH. K-12 
breaker, and I would like to say the failures reported were not 
in the nature of criticisms. We knew that the breakers were 
inadequate for the work they had to do, and we reported that 
to show how successful they had been in interrupting currents 
in excess of rating. 

A. H. Sweetnam: It would seem to us that no operator 
could consider an oil circuit breaker, especially if it be on a one 
or limited shot basis, unless it be with the understanding that 
the duty cycle be ‘‘open, closed and open,”’ as the breaker might 
at any time be required to close on a faulty line. One large 
operating company serving certain sparsely settled territory 
finds it necessary to operate, non-attended substations supplying 
from 1 to-2 distribution circuits. The transmission lines 
supplying such substations are fed from an attended substation 
bus and are equipped with automatic oil circuit breakers which 
will function in case of faults up to or beyond the non-attended 
substation. In such eases it is the practise after the automatic 
transmission line breaker has functioned to reclose it and if it 
again opens to reclose a second time, after which it is left open 
until the fault has been located. This plan makes possible the 
serving of business which otherwise could not be signed on ac- 
count of high operating costs. 

Many lines are radially operated, certain lines being normally 
in service and others held in reserve. We believe that many 
operating companies find it necessary to try a line by reclosing 
after the breaker has opened automatically and this appears to 
be a case parallel to that cited above; hence our conclusion that 
the duty cycle be defined as “‘open, closed, open,” as any other 


definition would require the installation of a breaker designed. 


for heavier duty and consequent greatly increased cost. 


A. H. Hull: 
built will contain five 45,000-kv-a. units. When we started 
the short-circuit. studies, we were contemplating an installation 
of nine such units. On that basis we estimated we would have 
on the 12,000-volt circuits, in the case of a fault, approximately 
70,000 r. m. s. amperes and in the ease of a fault on the high- 
voltage circuit, approximately 6700 r. m.s. amperes, at 110,000 
volts. 

I believe that the requirements for circuit breakers for that 
service are considerably in advance of installations that have been 
made in hydroelectric power plants. We bought two types of 
breakers for the 12,000-volt circuits, the Canadian Westinghouse 
Company’s type C-4 and Canadian General Electric Company’s 
type F. H. D. 21-Y. 

While it is not anticipated that we will operate with nine units 
in parallel, there may be times in switching operations on the 
system when it may be necessary to operate eight or nine units 
in parallel for a short time. We have not had the opportunity 
of making short-circuit tests on the system, and we have been 
rather hesitant about accepting the ratings that have been put 
on the rupturing capacity of the breakers. We hope in the course 
of the operation of the plant to get experience with both types of 
low-tension breakers, that will give us, at least, comparative 
results, and results from which we can extend the station as now 
contemplated with considerably larger generating units. 

One feature in connection with these breakers, which we con- 
sidered very important, was strong tanks. Those on the 110,000- 
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volt breakers that are installed are required to stand an internal 
hydrostatic pressure, with the bushings and cover in place of 
250 Ibs.; per sq.in. The Westinghouse type ©-4 breaker tanks 
are required to stand a pressure of 500 lbs. per sq. in. They 
have 36-in. diameter tanks. I would like to know from the tests 
reported from Baltimore, just what pressures were obtained in 
the tanks on these tests. We have a reference in the paper to 
the fact that pressure tests were made, and a statement that the 
pressure approximated one-third of the hydrostatic pressure, for 
which the structure was designed. That does not tell us very 
much, 

Another feature on which I think we ought to get further 
information is how the breakers will take care of phase to neutral 
short. circuits. 

At Queenston, we are operating now with the generator 
neutrals solidly grounded. We have had no shorts there,but 
have had other cases where we had shorts to neutral, and also 
cases where we had metallic three-phase shorts on which the 
breaker has been closed.’ I think further information on the 
question of phase to neutral shorts is desirable. 

A. F. Bang: In connection with the Baltimore oil switch, 
I would like to point out.a few operating features which have a 
very distinct bearing on the performance of breakers. I refer 
particularly to the influence of the relay setting, the influence 


Shorts 


Feeders 


Bus B. 


Fig. 1—Srnete Wire DiacRamM or PARALLEL FEEDERS 


of having parallel feeders, and the influence of the are in an arcing 
short. I think it is well to call attention to these operating 
conditions, so that we can realize that at least as far as opening 


“a short circuit the Baltimore tests were actually extremely severe. 


I think too if we consider these facts, that to some extent they 
will explain why we actually have been able to get along fairly 
well for so many years with breakers which we knew were not 
quite up to the rupturing capacity of the system which we were 
dealing with. : 

I will dwell first on the influence of the time element. In most 
power systems the minimum time of relay operation is about 
one-quarter of a second, and in many eases that time element is 
increased the closer you get to the generating station. That, 
of course, means that where you get the highest current you have 
the longest time. That is not done intentionally for easing the 
task of the breaker, but simply in order to secure selective relay. 
action. Incidentally, it means though an easier switching task 
for the breaker for several reasons. In the first place, a dead 
short circuit usually begins with a very heavy value and then 
gradually dies down, due to the demagnetizing of the generators.’ 
In some systems the current in one second may perhaps die down 
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to one-half value. And for the same reason—that is, the demag- 
netization of the generators—the voltage which will establish 
itself across the switch contacts, at the moment the are is broken, 
will be proportionally reduced. That means only one-quarter 
of the rupturing task for the switch which you would have had 
if the breaker tested opened at the first instant. 

There is a third item which comes in. If you delay the open- 
ing up of the breaker, it is possible that some of the synchronizing 
equipment may fall out of step. If that happens, that will draw 
some of the current away from the short, and will keep the volt- 
age down, while the breaker is opening. That, too, means a 
reduced switch duty. In some eases it is quite possible that the 
synchronous equipment, which was out of step, may be pulled 
into step again after the breaker has opened up, and when you 
come to look at it, you cannot understand how a small breaker 
seemingly successfully broke an enormous amount of current. 
The fact is that it was favored extremely by circumstances. 

Now as to the influence of parallel feeders: These tests in 
Baltimore were all made on a radial feeder. In many cases we 
do not have such a condition, but are dealing with a number of 
parallel feeders, each connected through to a station bus. Ifa 
short circuit takes place on one of these feeders it is clear that 
none of the breakers A or B (see Fig. 1) will be called upon to 
interrupt the full amount of the current, but it will be divided in 
some way between them.. If the short is approximately midway 
between the two stations and the two breakers should happen 
to open at exactly the same time, evidently each breaker will 
have only % of the current to break. If on the other hand, the 
short is close to one end of a breaker it is true that the greater 
current will pass through this breaker and with relays of the time 
characteristics ordinarily used in such cases, this breaker will 
open first and break a very heavy current, but as the short 
still remains on the system, the voltage will still remain low, and 
not reestablish itself before the second breaker at the other end 
opens. In other words, the first breaker will rupture a very 
heavy current but low voltage, and the second breaker will 
break a higher voltage, but a current considerably reduced by 
the insertion of the length of the feeder. Under both assump- 
tions we find thus a division and reduction of the switching task. 

To my mind the Baltimore tests were also especially severe 
because they were dead metallic shorts, just as Mr. Jamieson 
pointed out. If you have an arcing short as you will get 
both on overhead lines and underground cables, the conditions 
must be less stable, because you have three ares in series in that 
caso, one at the short and two in the oil switch. . Probably this 
feature is of more importance when you are dealing with lighter 
short circuits, where the ares generally are less stable than when 
you are dealing with very heavy ones. In Baltimore we still 
expect to look further into that particular phase of the question, 
and also some of these questions regarding the influence of 
paralleling of lines and delayed time settings. 

E. R. Stauffacher: 
interesting to us. We, in the West, are approaching the condi- 
tions of the central stationsin the East in a number of territories. 
The main difference, however, is that our operating voltage is 
much higher. 

You have been speaking of interrupting capacities of 500,000 
ky-a. and 650,000 kv-a. From some of the results we have had 
in our stations and from the calculations we have made, the 
amount of current that certain switches on the system of the 
Southern California Edison company must interrupt is fully as 
great. 

At our Newmark substation, located near Los Angeles, four 
66-kv. double-circuit transmission lines feeding from four different 
points are brought to a common bus. It has been calculated 
that there are approximately 6000 amperes flowing at the time 
of a short cireuit on this bus. A few cases have occurred where 
disastrous results have justified the calculation. It appears as 
if our 60-ky. network system must, some day, be changed to a 
110-kv. system. At the present time both of our 150,000-volt 
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transmission lines are being changed. We are raising the towers 
and adding insulators and shield rings so that we expect to be 
operating at 220-kv. by the latter part of this year. 

Oil cireuit breakers for voltages as high as 220 ky. are some- 
what of an experiment. The manufacturers have been very 
kind in furnishing their best talent and in giving us the latest 
engineering information on this subject. We are waiting with 
interest the results of breaking a short circuit of approximately 
2000 amperes at 220 kv. which will be the condition on our Big 
Creek transmission line, for if the switches do not handle the 
situation it will be quite a serious matter. This condition, that 
of the use of higher voltage circuit breakers, appears to be the 
greatest difference between our Pacific Coast and the eastern 
application of oil cireuit breakers. 

F. C. Hanker: In recent years, the importance of me- 
chanical strength of structure has been fully recognized, the most 
important advance in that phase of design resulting from a similar 
series of tests made in New York and reported to the Institute. 
These tests differed from the present series in that they were for 
the purpose of establishing the mechanical sufficiency of ‘the 
structure under the magnetic stresses resulting from heavy 
current conditions. The modifications made, following the 
New York series of tests, have been embodied in the later designs 
and it is of interest that the types used in the Baltimore series 
showed no distress from this point. : 

The oil circuit breaker tests at Baltimore have re-assured the 
operating companies as to possible hazard from making such 
tests and they realize that it is essentially a duplication of their 
operating condition. We trust that in the future other opera- 
tors will take advantage of the results of these experiments. I 
was interested in reviewing the field tests that has been made in 
the past. Mr. Meyer. referred to one on the Detroit Edison 
System in 1915. The test on the Niagara Falls System across 
the river probably represented the next highest capacity con- 
centrated. This test was made in 1911 and was with from one- 
quarter and one-fifth of the capacity used at Baltimore. Pre- 
vious to that, we had tests on machines of single units, isolated 
on separate bus sections of 11,000 and 12,000 and up to 30,000 
kw. concentrated. Some of the tests made across the river on 
the hydroelectric plant had the cable system connected and in 
effect were similar to the Baltimore tests except in magnitude. 

As Mr. Meyer pointed out, those at Detroit gave essentially 
the same concentration of power, the only difference being that 
they were not as extensive as the Baltimore tests. At Balti- 
more, they had on the order of 170,000 kw. connected. The 
short-circuit current was limited, as Mr. Louis indicates, by 
series impedance in order to give the desired values at the Canton 
substation. 

Mr. Meyer mentioned the amount of magnetic energy in the 
machines. As a matter of fact, that has considerable bearing 
on the restoration of voltage, but the flux condition in the 
machine must be the same with the same induced voltage. This 
is clearly demonstrated in the values of reestablished voltage 
that were on the order of 80 to 90 per cent of the system voltage. 
The number of high power tests will probably be limited to a 
few large systems, and they will certainly be inereasing when you 
consider the amount of interconnection. 

Distinet developments have resulted from each series of tests 
that have been made in the past on systems of operating com- 
panies where conditions the same as those obtained under actual 
operation are found. In the present instance, the changes have 
been of a minor character, proving that the fundamental prin- 
ciples are correct. Fortunately, sufficient time was available 
to test the modified structures to definitely prove the correctness 
of the improvements. 

It is difficult to obtain from papers that have been presented 
an adequate conception of the magnitude of the work that has 
been done and of its importance to the industry, especially when 
you consider that the fundamentals of the designs have been 
unchanged. It is particularly important that the adequacy of - 
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the breaker structure has been confirmed. When you consider, 
the enormous energy that may be concentrated in an abnormal, 
the necessity for having a structure that has a large factor of 
safety in rupturing capacity and mechanical strength to meet 
the most severe conditions is fully recognized. 

In recent years, there has not only been an increasing growth 
in the size of power stations but a marked increase in the total 
capacity of systems resulting from interconnections. The ad- 
vantages from unified operation are so well established that there 
will be an increase in the total system capacities, making it 
essential to have adequate interrupting devices to insure con- 
tinuity of service. 

As a result of the uncertainty that has existed in the past, as 
to the adequacy of the very large circuit breaker structures on 
moderate voltage systems that are installed indoors, there has 
been a tendeney to consider designs of structures to provide 
against the possibility of failures in the circuit breaker parts 
that might cause breakdowns on adjoining circuits. These 
studies have resulted in two notable examples using the so-called 
segregated phase layout. At present there are several stations 
under construction or being designed where careful study has 
been yviven to the advantages and disadvantages of the latter 
schemes. It would be very valuable for the Institute to have the 
benefit of the conclusions that have been arrived at by the vari- 
ous engineers. 


The sufficiency of the breaker structure has been clearly 
demonstrated in the Baltimore tests and it will be of interest 
to determine whether operating engineers consider it necessary 
to resort to phase segregation in order to provide against a 
spreading of trouble to adjacent circuits by complete separation. 
The other parts to be considered are the bus structure, the dis- 
connecting switches and the current transformers. A number of 
failures have resulted from faulty operation of the disconnecting 
switches and it is necessary that designs should embody features 
that will overcome such difficulties. In recent installations 
where switches are mechanically operated and interlocked with 
the breaker mechanism this should be sufficient precaution 
against such failure. 

In the last few years there has been considerable criticism 
of the standard rating adopted for circu't breakers following the 
presentation of the problem in 1918 at the Mid Winter Conven- 
tion. It is to be hoped that a full discussion is secured so that 
the requirements of operating companies can be crystallized 
and ratings be standardized for a minimum number of econdi- 
tions. In past discussions, it has been difficult for the operators 
to agree on the ratings necessary to meet the varied conditions 
of operation for different classes of service. It is to be hoped 
that the discussions at the present sessions will clarify this 
situation. 

H. H. Dewey: Tests of oil circuit breakers have been made 
from time to time that have been valuable in giving the manu- 
facturers data on which to base their designs, but often these 


tests have been so limited as to the amount of energy in the short’ 


circuit or the completeness of the data recorded as to leave 
opportunities for differences of opinion on the interpretation of 
the results. The tests described lack none of these features 
and we may well feel that a most important step has béen taken 
toward the ultimate solution of this most important phase in 
the development of our large power systems. 


It seems like heroic methods to subject a power system of 
150,000 kw. capacity to a succession of heavy short circuits, but 
the results of this investigation show that it can be done without 
serious risk to apparatus or service if done systematically and 
with due regard to the protection of the system from secondary 
failures. I have no doubt that other operating companies will 
be less hesitant in making similar tests in the future. 

One of the most gratifying results of the tests, it seems to me, 
is the indication that the manufacturers have not been so far 
wrong in their ratings of switches of standard design. Practi- 
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cally all of the switches tested performed well and only slight 
modifications were necessary to show most satisfactory results. 

The rapid growth in the generating capacity of our power 
systems has put the problem of the selection of oil circuit breakers 
squarely up to the electrical industry and the greatest difficulty 
has been encountered in keeping up with the growth of these 
systems. There are undoubtedly thousands of switches in 
service today that would fail if a dead short circuit should oecur 
at their terminals. Operating companies are replacing these 
switches as rapidly as possible, but physical limitations and the 
expense involved render this necessarily a slow process. It is 
surprising that as few of these oil circuit breakers have blown 
up, with disastrous results, as have, but the answer is, doubtless, 
that the short circuits have not occurred. Some of the reasons 
why they have not occurred were brought out by Mr. Bang; 
such as, the fact that not all short circuits are of full theoretical 
value, the recovery voltage is not always complete, systems may 
normally be partly segregated, ete. 

We are gradually growing to the point where greater and 
greater short circuits are being imposed on our systems and it is 
becoming increasingly important that study be given to the 
initial layout of the system connections, not only so arranging 
the circuits as to take full advantage of the neutral reactance 
of apparatus and connecting lines but by judicial use of reactors 
to keep the short-circuit values to the lowest practical value 
consistent with good operation. 

The tests under discussion showed short-circuit values of the 
order of one-half million kv-a. There are several systems now 
operating that may be subjected to short circuits of this value 
or more and many being designed that will reach a million or a 
million and one-half kv-a. Oil circuit breakers designed to 
safely interrupt such values as these must necessarily be large 
and expensive and the economic problem is becoming a most 
important one. 

The question was raised by Mr. Jamieson and Mr. Meyer, 
as to the best way of dealing with the problem of old cireuit 
breakers that have been outgrown due to increase of system 
capacity. This question has been partially answered by both 
manufacturers by the evidence from the tests that they can 
materially increase the rupturing capacity of their switehes by 
comparatively inexpensive changes. Where the increase in 
the required interrupting capacity is great, however, the problem 
is a very difficult one. 

Mr. Jamieson called attention to the desirability of settling 
on a duty cycle to be used as a standard in selecting oil cireuit 
breakers. The N. E. L. A. and other technical bodies have 
this matter under active consideration and the difficulties are 
gradually being clarified. It is hoped that an analysis of the 
Baltimore test results will throw some further light on the matter 
and an early settlement may be made. 

I hope that as time goes on, we will see further tests similar to 
those made at Baltimore where elaborate preparations were 
made to obtain definite and accurate data. Such tests are of 
inestimable value and the very fact that some 200 short cireuits 
were placed on the system without serious damage to apparatus 
or service, should lead to further tests of this kind. 

M. J. Lowenberg: I have witnessed several cases where oil 
circuit breakers were closed on athree-phase dead short circuit, in 
one case at the bus two minutes apart on a system having at the 
time over 220,000 kw. in generators running and where the 
breakers functioned successfully without disturbing any syn- 
chronous apparatus or service. 

Some one asked what we are to do with our old breakers. I 
think that what we should do is to maintain and inspect them 
especially after a very heavy duty. It does not cost much to 
produce very good results in this way. The Interborough Rapid 
Transit Company have some old type H breakers on a system of 
anywhere from 250,000 to 300,000-kw. generator capacity on 
the busses with a like amount of synchronous converters, where 
they have had very heavy short circuits that were cleared in 
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every case with no serious trouble to the breakers or equipment. 
This performance is due not only to the character of the breakers 
but also to the rigid inspection and maintenance of the breakers. 

I would like also to eall the attention of the manufacturer to 
breakers (on systems of less than 6600 volts) whieh should 
have a better balance than they now have between heating capac- 
ity and rupturing capacity: Take for example a breaker 
operating at 2300 volts. You will find the breaker is limited by 
heating capacity and not by rupturing capacity. 

L. B. Chubbuck: Referring to the oil separator described 
by Mr. MacNeill it may be of interest to state that separators of 
this type are furnished with the tank type 12,000-volt breakers 
at Queenston. One separator 8-inch diameter by 13 inches 
high is used per pole, the exhaust from the separator to be con- 
nected to station vent pipes, to prevent accumulation of gas in 
the circuit breaker rooms. It is our experience that without 
such separators, low-tension- breakers under severe service, are 
liable to blow gaskets or throw excessive oil with ordinary vents. 
Tank structures can be furnished of sufficient strength to meet 
the are gas pressures corresponding to the breaker rating. High- 
speed operation, properly designed and submerged contacts, 
strong, non-fragile bushings and are-proof insulating tank 
linings, are also important factors. The Queenston tank 
structures are designed for an ultimate strength of 1000 lb. per 
sq. in. internal pressure and the condenser bushings to meet a 
cantilever test of 5000 lb. applied at either end of bushing. 

We have had a number of instances in Canada of breakers 
failing, not due to pressure from are gases, but from gas explosion 
above the oil. Such failure is not possible with the larger, 
later designed low-tension breakers, owing to the tank structure 
strength required to meet their rupturing capacity. However 
in the case of high-tension breakers we find possible gas explo- 
sions the chief hazard to thé strength of the breaker, and for this 
reason furnished the Queenston high-tension breaker tanks of 
an ultimate strength equivalent to 500 lb. per sq. in. internal 
pressure. 

O. H. Eschholz: Breaker distress has been shown in these 
tests to be primarily a function of are energy and the character 
of are gas control. While the rupture duty, I wish to eall your 
attention to, of direct-current circuits is dependent upon the 
formation of an unstable are, the interruption of the alternating- 
current Gireuit requires the prevention of are reestablishment 


after zero current has been reached. 'The former necessitates © 


a continuous inerease in are resistance, the latter an exceedingly 
rapid change from a medium of low to one of high dielectric 
strength. 

An inspection of the current waves in the various oscillograms 
secured reveals the important fact that the are current changes 
but little during the rupture period. To minimize are energy 
and hence breaker distress it is therefore necessary to maintain 
a low-voltage are and to decrease are duration. 
ents may be adopted, either in the construction of arcing con- 
tacts or in the control of pressure variations of the are enclosing 
medium, to assure a low are voltage during current flow. Ob- 
viously, a deerease in energy development decreases gas evolu- 
tion and hence simplifies the problem of preventing are reigni- 
tion. It may be of interest in this connection to note that with 
some of the constructions adopted it was possible to consistently 
restrict are duration to one-half eycle when rupturing currents 
of the order of 20,000 amperes. While of no practical need at the 
present time, it is interesting to know that by properly choosing 
the instant of arcing contact separation, the are durations when 
interrupting large currents, could be reduced to one-quarter 
eycle. In such cases it was difficult for observers to distinguish 
between the character of breaker disturbance when opening on a 
heavy short or on a dead line. 


It is well known that the formation of an are in a liquid re- ° 


quires first the disintegration of such liquid into its elemental 
gases. During the subsequent period of are maintenance, the 


developed energy must be absorbed by the surrounding me- 
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dium—a part of this energy causing the continued cracking or 
disintegration of the oil. During the period of gas development 
the breaker is subjected to transient hydrostatic presstire waves; 
dependent upon rate of gas generation and escapes, as well as 
to somewhat more sustained pressure resulting from gas accumu- 
lation and possible ignition in the air space. By reducing the 
rate of are energy development, the hydrostatic pressure was 
decreased and by selectively venting the air space gases in ad- © 
vance of the are gases, the sustained and ignition pressures were ~ 
practically eliminated. In the conventional type of dead tank - 
breaker, it is possible to utilize the movement of oil head above 
the are gases as a piston to eject the cushioning air space gases. 
By directing these gases into a suitable separating chamber, it 
is possible to relieve the breaker rapidly of gas aceumulation 
while preventing an escape of oil and simultaneously permitting 
cooling of the are gases below the ignition temperature. 


The development of information on other, though less import- 
ant characteristics may be mentioned such as the effect of cata- 
lysts on lowering the ignition temperature of are gases, variation 
of are duration with oil viscosity and the volume of gas generated 
per kw.-see. of are energy for different oils. Such informa- 
tion in conjunction with a better conception of the mechanism 
of are rupture not only has contributed to the successful con- 
clusion of these high-current tests but offers a basis for the scien- 
tific development of circuit breaker structures of all ratings. — 


J. D. Hilliard: Mr. B. G. Jamieson in his discussion of the 
oil cireuit breaker papers brings out the importance of the duty 
cycle in the rating of oil cireuit breakers and also the importance 
of the method of making the tests to determine such rating. 
Neither of these points has heretofore’ beén discussed to the 
extent that their importance merits. As a general proposition, 
all tests of oil circuit breakers should be made under as nearly 
as possible the identical conditions the breakers are to be sub- 
jected to in service. If the breaker is to close under a condition 
of existing short circuit, then by all means it should be tested 
under that condition. If the breaker is to be installed where ~ 
it will have to close and open a short circuit close to the bus bars — 
(zero power factor) then it should be tested under that eondi- 


. tion. 


If the breaker is to be installed on a system with the neutral 
either grounded solidly, grounded through a resistance, or un- 
grounded, then it should be tested under such conditions and in 
addition with and without a ground at the point of breakdown. 
It should be tested with the same operating mechanism which 
is to operate it in service. If the breaker tested under a par- 
ticular set of conditions is found to have a certain interrupting 
capacity, do not assume that under all other conditions it will 
have the same interrupting capacity because you will be de- 
ceiving yourself. If you have made a few shots under a certain 
set of conditions, you cannot assume that the tests, if continued, 
will uniformly give the same results. The plot of a set of ob- 
servations made upon the ordinary oil circuit breaker from low 
currents up to its maximum rating but under otherwise identical ~ 
conditions looks like the shot gun pattern of a cylinder ‘bore 
gun or blunderbus. Certifying to bull’s-eyes from such a target — 
is a difficult proposition and besides it is not the bull’s-eyes you © 
are after, but the scattered shots on the fringe of the -pattern 
because they represent the spots of maximum gas formation in ~ 
the breaker and therefore the maximum stresses on the breaker 
structure. 

The foregoing indicates the difficulty of giving an interrupting 
capacity rating to the ordinary oil circuit breaker. The only 
absolutely safe thing to do is to specify the rating under the worst 
possible condition which may exist. It must be expected, how- 
ever, when such ratings are demanded that the costs will cor- 1 
respond, because the costs of the breaker under the different © 
standards of rating do not change. 7 


Mr. Jamieson draws attention to my italicized statement ‘in 
the paper. That italicized statement is of considerable impo 


June 1922 


ance and was made with a fairly good idea of what the results 
would have been if conditions had been different; conditions 
which might easily exist in actual operation of the system, and 
which might give results much more severe than those observed. 
The differential rating of oil cireuit breakers operating at 
25 and 60 cycles is a debatable question at least to the extent of 
the ratio of the two frequencies. The time-ampere curve at 
any frequency is at first ascending, reaches a maximum and then 
descends with the continual increase of current. The effect 
noted is due to the inherent blowout effect of the breaker as 
ordinarily constructed and the fact that several half cycles are 
required before interruption, the number gradually decreasing 
with the inerease of current is a definite proof that time, not 
half cycles, is the limitation and that the time at 60 cycles would 
be substantially the same as at 25. With the increase of current 
to a value where one full half cycle is the limit at 25 eycles, then 
a further increase of current should correspondingly decrease the 
actual time duration of are at 60 cycles to less than at 25 cycles, 
but the magnitude of current required would be such as could be 
obtained from few generating systems and with an increase of 
the voltage of the system one would expect the current necessary 
to interrupt in one-half period to correspondingly increase and 
it might well be that the actual time limitation would be the 
break distance between moving and stationary contacts instead 
of the electro-magnetic blowout effect of the current to be in- 
terrupted because the ultimate interruption depends upon the 
dielectric strength of the medium between the separated elec- 
trodes. ; 


The recovery voltage at interruption, together with the phase 
relation between current and voltage, undoubtedly largely 
determine the interrupting capacity of the breaker and a study 
of these recovery voltages under different conditions of operation 
supply an explanation of many hitherto puzzling phenomena in 
connection with oil circuit breaker operation. Mr. Meyer notes 
that most all tests are made either on Sundays or nights after 
the peak load is over and suspects that the results of tests under 
these conditions might be different than if they were made under 
more normal operation conditions. I agree with Mr. Meyer 
in this belief and think that more tests should be made under 
normal conditions. 


Mr. Wallau’s testing experience at Cleveland is not unusual. 
Certain well recognized factors contributed to the results ob- 
tained, and with these factors reversed, the results would have 
been reversed. It is one more case showing the necessity of 
making the test conditions the same as the operating conditions. 

The General Electric Company did not test any breakers at 
Baltimore, other than the H-3 and H-6 breakers and the improve- 
ments thereon, principally the improvements, because the end 
sought was to obtain a breaker which would stand repeated short 
circuits, and this boiled down to obtaining ones which would not 
throw oil because the inherent interrupting capacity of the old 
breakers was found to be ample, but the oil throwing property 
was well known and acknowledged by all. The development 
was successful and the remodeled breakers are installed in the 
same cells as the older oil throwing type. 


J. B. MacNeill: I wish to state the position of the manu- 
facturers in publishing data on these tests. There had been a 
feeling that these tests were of a more or Jess confidential nature, 
the same as factory tests would be on other lines of apparatus 
except that when powers such as here used, are employed, factory 
tests cannot be considered. The feeling was expressed by several 
operating companies that a large number of new stations were 
to be built in the near future and that data should be published 
which would allow the operators to select adequate circuit 
breakers for such new developments. It is not proper to judge 
obsolete circuit breakers in many eases by results obtained in 
Baltimore as these tests were made under the hardest possible 
conditions obtainable so far as circuit breaker performance is 
concerned. 
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Mr. Bang gave in his discussion some of these conditions and 
he speaks from a full knowledge of this subject as he has done 
experimental work along these lines. 

Mr. Jamieson calls attention to the difference of opinion 
regarding the duty caused by closing the breaker on the short 
circuit. The writer did not intend to convey the idea that clos- 
ing on the short cireuit was a negligible matter, but with the type 
of breaker he was discussing, it seems that the duty of closing 
on short circuit is relatively light to the duty of opening on short 
circuit. It is appreciated that the duty of closing of short cir- 
cuit may differ widely with different breaker constructions. 

In connection with Mr. Jamieson’s remarks on the duty 
eyele it should be pointed out that the manufacturers are willing 
to rate their apparatus on any duty cycle to which the operators 
as a whole will agree. 

Undoubtedly the ratings on duty cycles which involve closing 
against heavy short circuits will be lower than if the duty in- 
volved merely opening the short circuit. 

The Electric Power Club has indicated that the ratings of 
breakers to close against and open short circuits with the more 
stringent specifications regarding the condition of breaker after 
test referred to by Mr. Jamieson, will be approximately the 
same as the ratings which have been given in the past on the so 
called “‘two-shot’’ duty eyele in which the breaker opened the 
first short circuit and was closed against and opened the second 
short circuit. This means approximately a de-rating of 20 
per cent from present values. 

Regarding Mr. Jamieson’s comments on repeated closing 
of heavy short circuits we agree that it is undesirable from an 
operating point of view to subject systems to repeated shocks. 
The ‘‘five-shot’”’ specifications insisted on by Baltimore Com- 
panies was made in view of their experience that imperfections 
of construction can be disclosed by such a test and that the 
removal of these imperfections results in superior breakers for 
any duty eyele; thus, a breaker which will open 20,000 amperes 
satisfactory 5 times or as was the ease in one of the breaker tests, 
12 times, undoubtedly has a large factor of safety over 20,000 
amperes for less severe duty cycles. 


Mr. Meyer refers to tests made by his company on the same 
general form of breaker covered by the writer in his paper. 
These tests were of power magnitude comparable with the 
Baltimore tests and differed principally in that they were not 
the repeated openings of the short circuits without inspection 
of the contacts or oil. 


The Detroit tests remain to the present time the most im- 
portant tests that have been made on 24,000-volt circuits. 


Mr. A. F. Bang’s discussion should be of great interest to 
operating men, especially as Mr. Bang discusses the possibility 
of retaining in service by proper system connections, breakers 
which otherwise would not be serviceable. 


The discussion of Mr. O. H. Eshholz is important as he deals 
with some of the theoretical factors regarding important improve- 
ments in construction which were first made possible and later 
proved out by the Baltimore tests. These tests have allowed. 
us for the first time to study in detail at high powers the exact 
action of the circuit breakers on short circuit with the aid of 
complete facilities for analysis. The two operating companies 
participating in this test, the Pennsylvania Water and Power 
Company and Consolidated Gas, Electric Light and Power 
Company of Baltimore have been very patient in allowing the 
revision of cireuit breaker constructions during the course of the 
tests, and subsequent proving out of alterations. By this 


method, important results have been secured and it is possible 


to speak with authority of many features of breaker construction 
that otherwise would still be in a speculative stage. 

Designers of cireuit breakers therefore now have a solid founda- 
tion of fundamentals to work on so that better distribution 
of material in designing is possible and increasing rupturing 
capacity can be had from a given amount of material. 
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Review of the Subject—This paper is divided into three 
parts, the first part consisting of alist of relay nomenclature accord- 
ing to function and application, the second part being a general dis- 
cussion on relay protection with special reference to an investi- 
gation of the Protective Devices Committee to obtain information 
on transmission line protective scheme and the third part, an illus- 
trated description of the results of the investigation. 

The thoroughly proved methods have been given scant considera- 
tion but the operating results of new schemes have been treated in 
brief detail with a statement of the condition which led to the adop- 
tion of the various schemes. Many of these schemes require the 
use of special apparatus which is not obtainable in the open market, 
though in most cases it was possible to use standard apparatus. 
Tt is quite probable that some of these special schemes will be adopted 
by the leading manufacturers with more or less modification. 

In the majority of the cases cited, the actual operating results 
showing the number of correct and incorrect relay operations have 
been given and it is probable that this is the first time that such a 
disclosure has been so generously and frankly made. 

Standard names for relays as to function and application as 
well as qualifying terms which always have the same meaning are 
very desirable. The number of types of relays now in common 
use are so great that considerable confusion has resulted from a 
previous lack of uniformity of identifying designations. This 
confusion will be eliminated if the manufacturers and users of 
relays employ the terms given in the paper, which have been approved 
by the Standards Committee of the Institute. 

The first paper of a series contemplated by the Protective Devices 
Committee was presented three years ago. This is the second paper. 
Both of these deal with transmission line relay protection, and the 
Committee now plans to .broaden its work to include also relays 
for protection of apparatus with the expectation of presenting addi- 
tional data before the Institute as the art progresses. 

The entire basis of the present paper is the expertence of operating 
companies as reported by their engineers. The general theory of 
relays has been almost completely disregarded. 

The use of combination over-current and directional schemes 
has become common due to the very satisfactory results that have 
been obtained with these relays. 

Differential current schemes for parallel lines are increasing 
in popularity on account of their freedom from a-c. potential 
connections. Their use is limited, however; the differential power 
method using directional relays is suitable in those cases where the 
simpler current balance is not. The tendency appears to be in 


N the paper on Transmission Line Relay Protection 
which was presented before the Institute in June 
1919 there was included a proposed Relay Nomen- 

clature. This with slight modifications was adopted 
by the Standards Committee on May 19, 1921. The 
approved nomenclature is as follows: 


CLASSIFICATION ACCORDING TO FUNCTIONS 
Where relays operate in response to changes in more 
than one condition, all functions should be mentioned. 
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favor of balancing parallel feeders wherever possible to secure 
freedom from faulty operation on through faults together with quick 
action in case of trouble on one of the group. A number of different 
schemes, based generally on the same principle, is described in con- 
siderable detail. 

The split conductor protection, though apparently successful, 
does not seem to be extending greatly beyond the early installations 
in this country, principally on account of the high cost of the cable. 

Pilot wire protection, while abandoned by some operators, is 
being tried out in newer forms by others with some apparent likeli- 
hood of future extension. 

The use of ground relays has been considerably extended par- 
ticularly on systems having neutrals grounded through a compara- 
tively high resistance. The application of these ground relays with 
regard to current and time settings is based on the same principles 
that apply for the relays connected in the phase. Both over-current 
and directional relays have been used with apparently successful 
results. By energizing only in case of accidental grownd these 
relays may be set for much lower current values than the phase relays 
and in some cases at lower time values. The ground relays may be 
connected to sheath transformers or in the residual circuit of three 
current transformers of the usual type. Several applications of 
ground relays with pilot wire connections have been reported. 

A very sensitive-potential ground relay scheme for the protection 
of comparatively isolated circuits has been operating with ‘good 
results for a number of years. 

In one case, in order to avoid the necessity of installing grounding 
transformers, provision has been made to ground a second phase 
of the bus when it is shown by potential ground relays that an acci- 
dental ground has occurred on one phase. In this way a phase 
short circuit is produced permitting the faulty section to be isolated 
by standard over-current and directional relays. 

An application of the combination of under-voltage and over- 
current relays is described. It takes into consideration the feature 
that the potential would be reduced proportionately as the faults is 
approached which adds a further degree of selectivity to the ordinary 
current method. : 

Accurate calculation of short circuit currents has proved highly 
desirable and considerable data concerning mathematical and me- 
chanical methods of making these calculations are described. 

General principles of relay application and practise concerning 
relay settings are discussed. Some notes are included relative 
to foreign practise and some of the outstanding features of installa- 
tions in use in other countries have been described. 


Ex.sectric Prorecrive Revay. An electric protective relay is 
an intermediate device, equipped with contacts to open or 
close an auxiliary circuit, by means of which one cireuit 
is indirectly controlled by a change in conditions in the same 
or other circuits. 

Drrecrionat Rextay. A directional relay is one which functions 
in conformance with direction of power, or voltage, or cur- 
rent, or phase rotation, ete. 

Powerr-DirecTIONAL Retay. A power-directional relay is one 

which functions in conformance with direction of power. 

Note: This includes both uni-directional relays with single- 

throw contacts and duo-directional relays with double- 

throw contacts. The reason this name is preferred to 

“reverse power” is that the device is frequently used to 
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function under normal direction of power. Furthermore, 
in some cases the normal condition of the system may permit 
power to flow in either direction. Relays for use in either 
alternating- or direct-current circuits are to be classed as 
power-directional relays. 

Povarity-DIREcTIONAL Retay. A polarity-directional relay is 
one which functions by reason of a change in the direction 
of polarity. 

Puasz-Rotation Retay. A phase-rotation relay is one which 

_ functions by reason of a change in direction of phase rotation. 

Current Revay. A current relay is one which functions at a 
predetermined value of the current. These may be either 
over-current relays or under-current relays. 

VoutTacEe Retay. <A voltage relay is one which functions at a 
predetermined value of the voltage. These may be either 
over-voltage relays or under-voltage relays. 

Power Retay. A power relay is one which functions at a pre- 

. determined value of watts. These may be either over- 
power relays or under-power relays. 

Frequency Retay. A frequency relay is one which functions 
at a predetermined value of frequency. These may be 
either over-frequency relays or under-frequency relays. 

TEMPERATURE Retay. A temperature relay is one which func- 
tions at a predetermined temperature in the apparatus 
protected. 

Orrn-PHase Rextay. An open-phase relay is one which func- 
tions by reason of the opening of one phase of a polyphase 
circuit. 

DIFFERENTIAL Rextay. “A differential relay is one which fune- 
tions by reason of the difference between two quantities 
such as current, or voltage, ete. 

Note: This term includes relays heretofore known as “ratio 
balance relays,’ ‘“‘biased,’’ and ‘“‘percentage differential 
relays.” 


CLASSIFICATION ACCORDING TO APPLICATION 


Locxine Rear. A locking relay is one which renders some 
other relay or other device inoperative under predetermined 
values of current, or voltage, ete. 

Trip-FREE Retay. A trip-free relay is one which prevents 
holding in an electrically operated device such as a circuit- 
breaker while an abnormal condition <vists on the circuit. 

Auxintiary Renay. An auxiliary relay is one ~vhich assists 
another relay in the performance of its function and which 
operates in response to the opening or closing of its opera- 
ting circuit. 

Sienat Retay. A signal relay is an auxiliary relay which 
operates an audible or visible signal. 


GENERAL QUALIFYING TERMS 


Inverse Time. Inverse time is a qualifying term applied to 
any relay indicating that there is purposely introduced a 
delayed action, which delay decreases as the operating force 
increases. 

Derinite Time. Definite time is a qualifying term applied to 
any relay indicating that there is purposely introduced 
a delayed action, which delay remains substantially constant 
regardless of the magnitude of the operating force. (For 
forces slightly above the minimum operating value the delay 
may be inverse.) 

INSTANTANEOUS. Instantaneous is a qualifying term applied to 
any relay indicating that no delayed action is purposely 
introduced. 

Norcuine. Notching is a qualifying term applied to any relay 
indicating that a number of separate impulses are required 
to complete operation. 


In addition to the standardized nomenclature, used 


throughout this paper, it was found desirable to adopt 
uniform terms for use in describing devices and char- 
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acteristics of devices and systems which have hereto- 

fore been known by more than one name. 

In order that there may be no misunderstanding 
as to use of these terms the following definitions are 
given: 

DIFFERENTIAL Retay. Explanatory note. In a differential 
relay the resultant force operating the relay, may be ob- 
tained by mechanical, magnetic or electrical means. Thus 
a relay is described as a mechnical differential relay, a 
magnetic differential relay or an electrical differential relay. 

PERCENTAGE DIFFERENTIAL. Percentage differential is a term 
descriptive of the operating characteristics of one class of 
differential relay and indicates that the relay requires an 
increasing difference to cause operation, which difference 
will approach a definite percentage of either or both of the 
opposing quantities. 

Pick-up Vatur. The pick-up value, expressed in current, volt- 
age, etc., is the minimum value at which the relay will 
complete its function. 

Drop-Out Vatur. The drop-out value, expressed in current, 
voltage, etc. is the maximum value at which the relay starts 
to rest. 

BaLaNCED AND ReEsIDUAL CURRENTS. The currents in the 
several wires of a circuit are divided for convenience into 
two classes of components, “‘balaneed”’ and ‘“‘residual.” 

The “balanced currents’ are those wholly confined to the 
wires of the circuit. Hence, their algebraic sum is zero at every 
instant. 

The remaining components of the currents in the several 
wires which exist under conditions other than perfect balance, are 
termed ‘‘residual.’’ The sum of the residual components is the 
“residual current’’ of the circuit. It is equivalent to a single- 
phase current in a circuit having the wires in multiple as one 
side, and the ground as the other. 

Mathematically expressed, the residual current is the vector 
sum of the currents in the several wires, while the balance currents 
are those components whose vector sum is zero. 


INTRODUCTION 


As the quality of the service rendered by central 
stations becomes better the standard of service de- 
manded by the public becomes higher. The only way 
of meeting this demand is by constantly improving 
protective devices and their application so that a fault 
in the system will be confined to the smallest possible 
area with the least possible disturbance to the healthy 
sections of the system. 

It was in the hope of seeing such results realized 
that the Protective Devices Committee, several years 
ago, began a systematic study of the problem of pro- 
tection. As a result, a Paper on Transmission Line 
Relay Protection was. presented to the Institute in 
June 1919, being the first of a proposed series, covering 
the investigations of the Committee. In this first 
paper were incorporated a recommendation on stand- 
ard relay nomenclature, a statement of the methods 
followed in approved relay practise and descriptions 
of such schemes as were considered as standard at that 
time because of successful operation. 

No attempt was made to describe the many special 
schemes then on trial but early in 1920 a request was 
sent out to a number of operating companies, asking 
for information on transmission line relay schemes, 
which were being, or had been, tried out and proveg 
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successful or abandoned as worthless. This particular 
method was adopted as the most efficient means of 
adding to the data on hand as presented in the previous 
paper, and of getting an accurate idea of the latest 
developments as well as an idea of the general tendency 
in the art of relay protection. 

The Relay Subcommittee of the Protective Devices 
Committee, has as its function the keeping of an authen- 
tic record of the development and operation of various 
protective relay schemes. It is hoped that by present- 
ing before the Institute, from time to time, such 
important data as may be gathered, duplication of 
effort among engineers may be avoided and the stand- 
ardization of protective relays and schemes, fostered. 
Most of the central station companies, to whom the 
request for information was sent, manifested an interest 
and a desire for cooperation by replying promptly. 
Replies from others came in more slowly and it is 
only within the last few months that all the replies 
were received. On account of this the information 
given in some of the earlier replies was more or less 
out of date by the time the lastonescamein. There- 
fore, when the work of compiling the data and coordi- 
nating it into the form of a paper was begun, the Com- 
mittee where necessary asked for additional data on 
such schemes as it was thought desirable to include in 
the paper. Request was also made for data on any 
schemes planned or installed subsequent to the original 
inquiry. It is, therefore, believed that data contained 
in this paper are complete up to within a few months 
of the present date. There are probably some schemes 
with which the committee was not acquainted and it 
is possible that some companies may have operating 
data, besides those given, on schemes which are 
described. 

In the previous paper an attempt was made to 
emphasize the desirability of setting relays for short- 
circuit current values, rather than on the basis of load 
current as was once common practise. Since that time 
important developments in methods of determining 
short-circuit current values have been made and it was 
thought fitting to give, in this paper, a description of 
the various methods used. Both the mechanical and 
mathematical methods are discussed with the advan- 
tages and limitations of each, and consideration is given 
to the factors which must be taken into account in 
making the determination. 

Following this it also seemed advisable to add some 
observations on the best practise in making relay cur- 
rent and time settings as well as on the factors to be 
considered in making such settings. A few notes are 
also made regarding foreign practise with comparisons 
to American practise, where possible. 

The recommendation on relay nomenclature made 
by the Protective Devices Committee in 1919, has 
been approved, with slight modifications by the Stand- 


ards Committee and is now finding its way into. 


general use. Having taken this step in the direction 
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of standardization there now appears to be a need for 
some form of standard symbols for representing various 
types of protective relays in schematic, single-line and 
detail diagrams. In going over the diagrams submitted 
to the Committee, such a great diversity of symbols 
was found that it was sometimes difficult to under- 
stand the schemes and to determine their relation to 
other schemes. It is believed that a convenient 
standard symbol can be devised to represent each 
type of relay, thus eliminating a great deal of confusion 
and making all diagrams easily readable. It is the 
intention of the Committee to devote some time to 
this problem in the near future. 

In addition to the difficulty experienced on account 
of the many symbols used, there was also some trouble 
in classifying various schemes because of great variety 
of names used in describing them. In order that such 
confusion may be avoided in presenting these schemes 
the Committee has divided them into five main elas- 
sifications as follows: 

1. Schemes using over-current and directional relays 

in combination. 

Differential current schemes 

Differential power schemes 

Ground relay schemes 

Schemes using over-current and under-voltage 
relays in combination. ; 

All the schemes submitted may be placed in one or 
the other of these classifications. The subdivisions, 
however, were found to be more difficult and while 
the Committee has grouped the schemes in what seems 
to be the most logical manner, it is not intended that 
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the designations used shall be taken as recommenda- 


tions. It is believed, however, that the standardiza- 
tion of terms used in describing schemes would be 
very advantageous and it is hoped to make this the 
subject of a future study by the Committee. 

The investigations by the Committee, as covered 
in both the previous and present papers have been 
confined altogether to transmission line relay protec- 
tion. Some study has been made, from time to time, 
on apparatus protection but this was usually the result 
of an inquiry on some specific problem and the infor- 
mation was given out in the form of a letter. 

It is intended, therefore, next to undertake to col- 
lect and coordinate data on the protection of apparatus 
and on special relay devices and schemes such as are 
used in remote-controlled and automatic stations. 
Such data will be presented to the Institute in the 
form of papers. 

In replying to the request for information practically 
every central station company gave a description of 
all relay schemes which it has used, both standardized 
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by some engineers. It was thought best, however, to 
include all schemes reported as being on trial and at 
least one is described which was discussed in the pre- 
vious paper. 

In comparing these last replies to those received 
several years ago there was found to be a noticeable 
increase in the use of the schemes described in the 
previous paper. It was also apparent that a greater 
number of companies were using the approved methods 
of setting and testing relays. Almost every company 
reported that good results were being obtained with 
such schemes and not a few reported that older schemes 
and types of relays which were not giving good results 
were being replaced by more recent schemes using 
modern types of relays. 

That there is considerable activity in the experi- 
mental field is shown by the number of new schemes 
now on trial. With the increasing size and complexity 
of the modern power system and with the varied con- 
ditions of operation introduced by interconnection and 
concentration of tremendous amounts of energy in 
small areas, new problems are constantly arising and 
new schemes must be devised to take care of the re- 
quirements. It is quite noticeable that, where pos- 
sible, tried and proved schemes are being used but when 
these fail new ones are devised and tried out. Such 
schemes usually require a period of a year or more to 
determine whether they are effective and in the three 
years since the previous paper a considerable number 
of schemes have been brought out to take care of con- 
ditions not so pertinent at that time. The number of 
schemes and the record of their operation have been 
sufficient to determine in a general way the tendency 
in principle and design of protective relay schemes. 
As can be seen from the descriptions given later, the 
trend in development is toward the selection of defec- 
tive lines by the use of differential schemes operating 
on the fault or trouble current rather than by relying 
altogether on the use of progressive time settings and 
current settings made on the basis of the line current. 
This is the natural result of the increase in the size of 
systems as to capacity, area covered, and number of 
stations operated in parallel. Beyond a certain point 
progressive time settings necessitate maximum time 
intervals which are so high as to become impractical, 
especially where sensitive synchronous apparatus is 
involved. The need for schemes which do not require 


_ progressive time settings and which will disconnect the 


faulty section with the least possible delay, has thus 
become imperative. Therefore, the greatest develop- 
ment seems to be in the use of the differential current 
and differential power principles in which the defec- 
tive line is disconnected instantaneously and in which 
the equipment on one section is not affected by trouble 
in another section. The success with which such 


- schemes are being used gives proof of the soundness 


ofjthe principle and holds promise of even better results 
in_the future. 
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Considerable attention has been given to the prob- 
lem of disconnecting grounded feeders. This problem 
has become especially important because of the more 
general practise of grounding of systems, particularly 
where a comparatively high ground resistance is used, 
resulting in ground currents which may be less than 
full load value. This has made it necessary to devise 
schemes which will disconnect the grounded line before 
the trouble develops into a phase-to-phase short cir- 
cuit. Especially is this necessary on overhead lines 
in order to prevent the trouble from spreading to 
adjacent circuits. 

Another problem, which has resulted in the develop- 
ment of a very effective scheme, is that of detecting 
and disconnecting a grounded feeder on systems having 
an ungrounded neutral. In a great many instances 
it is found impractical to ground a delta system and 
this development offers a comparatively simple and 
inexpensive solution to the problem of grounds which 
might later develop into cross short circuits ordinarily 
resulting in serious interruptions. 

Some schemes which are reported as trial installations 
are only modifications of schemes which were described 
as standard in the previous paper and in most cases 
these modifications were made to take care of some 
special condition. In describing the schemes an at- 
tempt has been made in each case to give the reason 
or special condition which prompted its development 
and application, the principle of operation, a descrip- 
tion of the apparatus used, a summary of its operating 
results and its advantages and disadvantages. 

The request for information was sent to about sixty 
operating companies in al] parts of this country and 
Canada and in response thirty-five more or less com- 
plete replies were received. Of these reporting com- 
panies, thirteen have systems supplying city loads 
exclusively and twenty-two have either long distance 
transmission systems or have an extensive high-voltage 
network. This paper is the result of a careful analysis 
of the data submitted in the replies and schemes de- 
scribed are representative of the best American practise. 


Description of Relay Schemes for the 
Protection of Transmission Lines 


I. Over-current and Directional Schemes. 
The use of over-current relays, either alone or in combi- 
nation with directional relays,.to obtain protection 
strictly on the basis of current intensity, time and di- 
rection is too well known to warrant repetition. How- 
ever, two of the more unusual modifications are given. 


Inverse Time Over-Current and Directional Relays 


One of the large power companies having a system 
comprised in part of approximately eight sections in 
ring formation, together with a number of inter- 
connecting circuits into which power is fed at six prin- 
cipal points, has found that in order to secure selective 
action under various operating conditions a very in- 
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verse time characteristic was required for the over- 
current relays. The ordinary method of time grading 
was not considered satisfactory because with changing 
generating conditions and the frequent opening of 
some circuit the general power distribution was suffi- 
ciently disturbed to alter the order of the time grading 
required. Due to the number of lines involved, how- 
ever, at most of the stations it was found that the circuit 
in trouble would in nearly all cases carry a materially 
greater current than any other contributing circuit. 
Use of an inverse time characteristic which continued 
to give the necessary degree of selectivity for this natu- 
ral difference in current over the complete range of 
probable faults was finally adopted. 

In some cases definite minimum time was also re- 
quired and at one point a rather high definite time was 
provided for very low current values, changing later 
into the inverse time. This unusual characteristic was 
required in order to permit operation at comparatively 
low current values as these would be limited due to the 
very long time involved if the fault were at the far end, 
whereas, for a short circuit close to the circuit breaker 
in question, the current would be of such large propor- 
tions that delay in tripping would be dangerous be- 
sides placing in jeopardy the other contributing lines. 
It was this latter consideration that required the inverse 
portion. 


The directional relays were of standard types applied 


in accordance with usual practise. 
The Use of Automatic Bus Sectionalizing to Reduce the 
Duty on Oil Circuit Breakers 


In at least one case it was reported that the system 
had grown to such proportions that, in order to use 
circuit breakers then installed, it was decided to auto- 
matically sectionalize the buses in some stations and 
thereby limit the current to be interrupted in case of a 
fault. In such schemes no special relays are necessary, 
the standard over-current directional combination 
generally being used. General practise, however, seems 
to require that, wherever possible, circuit breakers shall 
be capable of interrupting the maximum power which 
may flow through them in case of a fault. 


Il. Differential Current Schemes. The bal- 
ancing of parallel groups so as to provide sensitivity for 
faults within the group and, at the same time, safeguard 
against action for all other faultsappears very successful. 
Its popularity is still further increased, whenever con- 
ditions permit, by the elimination of all alternating 
current potential connections as is done in the various 
differential current schemes reported. 

Differential Current Protection for Two Lines 

One company uses a differential current relay scheme 
which is interesting because it is an elementary form 
of a more complete scheme, operating on the same prin- 
ciple, and described elsewhere. 

The application is made to paired 60-kv., 4/0 lines, 
175 miles long, forming a bus for a complete transmission 
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system. These lines are connected to power plants at 
five different points with a total generating capacity of 
161,000 kw. Previous to the installation of these relays 
the transmission system was operated so that each 
substation was supplied from only one source of energy 
as attempts to operate the lines in parallel had resulted, 
in some cases in serious interruptions to service due to 
the splitting up of the system. 

For proper functioning of the relay system more 
current must flow in the faulty line than in the healthy 
line. The differential current relay consists of two 
similar solenoids with movable cores suspended on 
an arm pivoted, at the middle point. Two sets of 
contacts are mounted in such a manner that the throw 
of the arm in either direction, due to excess current in 
one solenoid, will close a contact. One solenoid of a 
differential current relay and one induction type over- 
current relay are connected in series with a current 
transformer. Each set of contacts on the differential 
relay is connected in series with the contacts of a corres- 
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ponding over-current relay. The contacts of the over- 
current relays, however, are normally short-circuited 
by a pallet switches in the circuit breakers when the 
breakers are closed. Thus the differential relay will 
discriminate between lines in case of a short circuit or 
ground involving only one line. When the faulty line 
is cleared, the opening of the circuit breakers on this 
line removes the short circuit on the contacts of the 
over-current relays, and the differential relay, having — 
only one solenoid excited, closes the contacts to com- 
plete the tripping circuit. Thus, over-current protec- 
tion is automatically cut into service on the ee 
line when one line is out of service. 

Satisfactory operations have resulted from the use 
of the differential current relay in cases of trouble which 
it was desired to clear. © 

The principal advantages of this scheme are the € elim- 
ination of potential transformers and time setting: 
It also permits the isolation of the fault in the mir 
time. 


June 1922 


The disadvantages appear to be the extreme sensi- 
tivity under balanced condition which may result 
in faulty operations. There is also the necessity of 
providing additional protection for bus or substation 
troubles if such protection is desired. 


This relay scheme will only function properly where 
an unbalance of currents is assured under all faulty con- 
ditions. 


Selective Differential Relay Schemes 


The relay illustrated in Fig. 1 operates to trip that 
one of a pair of parallel lines which carries the greater 
current in case the pair becomes unbalanced due to a 
fault.. The relay in most cases requires an unbalance 
of at least normal load and for higher currents this 
unbalance must exceed some percentage of the smaller 
of the two currents. This is generally in the neigh- 
borhood of 25 per cent, thereby automatically compen- 
sating for normal unbalancing, such as may be present 
when slightly different lengths of line are involved, or a 
difference such as is occasioned by mutual inductance 
of overhead lines which frequently has a varying effect 
at times of faults of different characters. This per- 
centage of unbalance. is also capable of adjustment 
in order to further compensate for any known differ- 
ences in characteristics of the lines involved, it not 
being necessary to maintain the same slope on both sides. 


As mentioned above, this relay operates to open the 
circuit breaker of the line carrying the greater current. 
Therefore, it is perhaps always applicable to outgoing 
parallel circuits which are sufficiently balanced under 
normal conditions but should never be used on incoming 
lines where the line in trouble will not carry the greater 
current as, for instance, would be the case for a substa- 
tion supplied by no other source of power. This would 
require that the good line supply whatever current 
might be taken by the connecting substation load as well 
as the fault, and would result in tripping the wrong 
breaker. 

The relays consist of three coils whose plungers are 
attached to a balance arm on which the contacts are 
mounted. Current through the two end coils tends to 
hold down their plungers. The center coil is differen- 
tially connected or wound and with a current of equal 
value in the two windings no force is exerted on the 
plungers. The plunger of this coil has an adjustment 
for pick up value. When a fault occurs on one line, 
the force in one end coil and in the middle coil increases, 
so that the one end coil holds down that end of the arm 
while the middle coil raises its plunger and pivots the 
arm about the end coil, thus making contact in the 
proper direction to trip out the defective line. 

The one company reporting the greatest experience, 
under actual operating conditions, with this type of 
relay installs them in some instances on incoming lines 
to buses which are supplied with abundance of other 
power, thus accounting for the good record reported. — 

This same company has in some cases four and six 
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parallel lines between stations protected in this way, 
the lines being grouped in two or three pairs, each pair 
arranged as indicated in Fig. 1. Any odd lines are 
provided with time over-current protection having a 
comparatively low time setting: This appears to have 
no particular disadvantage where other contributing 
lines are generally balanced because of the instantaneous 
action on the balanced groups and the safeguarding 
against operation of the balanced groups for any fault 
which might occur in one of these odd circuits. Time 
over-current protection is automatically provided when 
one circuit of the balanced group is out of service. 
There are 34 of these installations protecting 17 pairs 
of lines, some underground and some overhead and 
some combinations of underground and _ overhead. 
These circuits which have been in service for about 2% 
years have been subjected to 37 faults, all of which have 
been cleared correctly without affecting other lines. 
On the other hand, 900 additional relay operations were 
reported on other contributing lines, involving a total of 
1500 miles of circuits, in no case of which did these 
selective differential relays operate incorrectly. On 
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that part of the system not protected in this way this 
company reports 85 per-cent correct operation, counting 
doubtful operations in general as being incorrect. 

A second company has very recently installed equip- 
ment similar to that shown in Fig. 1, except that it is 
modified to include a fourth similar relay, connected 
in the same manner, to the neutral lead of the current 
transformers to operate more sensitively in case of 
grounds. No operating data are yet available. 

The third company, reporting the use of these relays, 
made no particular comment regarding their operation. 
The general statement that all relays on the system 
operated 90 per cent correctly does not give any clear 
indication of the success of this particular installation. 

This same general method of protection has also been 
extended in the case of one company to the protection 
of three lines in parallel as illustrated in Fig. 2. It will 
be noted that in this case each line is balanced with 
each of the other two lines so that in order to discon- . 
nect one breaker it must carry a greater current than 
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either of the two companion lines. This is insured by 
the tripping contact connections which are made so that 
both relays connected to the line in trouble must operate 
before its breaker can be tripped. It will be observed 
that this furnishes an additional slight advantage over 
the simple two-line group although the extra relays and 
connections are in most cases considered unnecessary. 

The three open-wire lines, on which this scheme is 
used, were installed to operate in parallel with four 
split-econductor cables between a generating station 
and an important substation, and protection for the 
open-wire lines, comparable to that afforded the cables, 
was desired. It may be mentioned, as a matter of 
interest, that in order to parallel these open-wire lines 
and split-conductor cables, special precautions had to 
be taken on account of the large difference in reactance. 
By using external reactance it was possible to adjust 
them so that the characteristics were approximately 
the same, thus making parallel operation practical. 

These three circuits also have over-current relays to 
clear bus short circuits and to give protection when 
only one or two lines are in service. When two or 
three lines are in service both types of protection are 
used but when only one line is in service the balanced 
relays are cut out. As it is sometimes necessary to 
operate with only one of these lines in service it was 
found convenient to install a single switch which will 
break the trip circuits to all the selective differential 
relays so that it will not be necessary for the operators 
to open a number of test switches to cut the relays out 
of service. 

The relays are tested by passing current through one 
of the end coils and one winding of the middle coil, the 
plunger of the latter being adjusted for the desired pick 
up value. The phasing of the relays is most conveni- 
ently checked with a four quadrant power factor meter 
as described on page 851 of the A. I. E. E. TRANSAC- 
TIONS for 1919. 

These installations have been in service since August 
1919, and while there has been only one operation this 
was a correct one. A pothead failed and the defective 
line was cleared successfully without taking any other 
line with it. 

Insofar as this particular company is concerned no 
tests have been made to duplicate operating conditions 
and as there has been but one case of trouble since the 
installation, the evidence is not considered sufficient 
to form conclusions regarding the selectivity of the 
scheme when called upon to isolate the faulty line of 
the three, nor is there sufficient data to indicate any 
advantages or disadvantages in operating charac- 
teristics. It is, however, considered to have the fol- 
lowing inherent characteristics: 

1. Instantaneous selectivity. 

2. Freedom from potential transformer connections. 

3. It has a percentage differential action which 
automatically compensates for normal unbalancing. 

4. It does not afford protection against bus short 
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circuits, requiring additional relays if such protection 
is desired. 

5. Protection is not given when only one line is in 
service, requiring additional relays if such protection 
is desired. 

6. It cannot be applied at the substation end of 
duplicate lines where there is no additional source of 
power at the substation end, as in such a case the fault 
currents in the two lines will be equal. 

7. It is somewhat complicated and expensive in 
wiring when used on more than three lines. 

No changes are contemplated to improve the instal- 
lation though it will be retained until more data are 
obtained. It is believed that the failure of the relays 
to operate on numerous though short circuits indicates 
that they are satisfactory in this respect. 


Selective Differential Scheme Using Induction-Type 
Relay 
Another company reports that it has already com- 
pleted the trial of a selective differential scheme which 
it now considers thoroughly proved. It differs in 
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principle from the foregoing in that induction type 
relays are used, although it is applied to duplicate lines 
in practically the same manner. 

Referring to Fig. 8, the scheme makes use’ of one 
differential relay connected between the two lines with 
an over-current relay in each line, so that the system 
will be sectionalized even if trouble should occur 
on the station bus. This also makes each line auto- 
matic after its companion line has been cut out of 
service. It will be observed that the differential 
relay does not directly trip the circuit breaker, but is 
arranged to decrease the time setting of the proper over- 
current relay, thus allowing this latter relay to trip 
out its circuit breaker. The over-current relay is of 
that induction type which is equipped with the so- 
called ‘torque compensator” for the purpose of giving 
it a definite time of operation. This “torque compen- 
sator” is short-circuited by the operation of the dif- 
ferential relay, thus allowing the over-current relay to 
operate very quickly. When one line is out of service, — 
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the differential relay is disconnected and the over-cur- 
rent relay will operate in the time for which it is set. 
There are about thirteen pairs of lines protected on 
both ends by these relays, some of which have been in 
service for three years. There have been about 50 
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correct operations and no interruptions to service due 
to incorrect operations, although one pair of lines which 
are not duplicates, and therefore not balanced, have 
tripped out several times on through short circuits. 
Improvements are now being made which are expected 
to overcome this difficulty. 

This scheme has the advantage of being quick in 
operation and it does not require the use of potential 
transformers. It is particularly useful on tie lines 
between generating stations. 

It has the disadvantage, inherent to all differential 
schemes of a like nature, in that it requires interlocking 
circuits between the circuit breakers to prevent opera- 
tion when only one line is in service. It likewise can- 
not be used on the substation end of duplicate lines 
unless there is an additional source of power in the 
substation. 

When used on a system which is grounded through 
a high resistance four relays may be used, three being 
for the purpose of clearing phase short circuits and the 
fourth, wound to operate on smaller currents and con- 
nected in the neutral wire between the two banks of 
current transformers, for clearing faults to ground. 


Differential Current System for the Protection of Three 
or More Parallel Lines' 

One company reports the installation of a differential 

current system for the protection of three or more 


1. “Relay Protective Features of Toronto Power Company's 
Transmission and Distribution System” by P. Ackerman. 
The Engineering Institute of Canada. April 14, 1921. 
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parallel lines. It was adopted because of the desir- 
ability of selecting and clearing the defective line 
instantaneously, on account of the extremely sensitive 
character of the synchronous load on the system. It 
was installed first on four parallel feeders between 
a generating station and a substation. These feeders 
operate at 12,000 volts and are ungrounded, the system 
being delta connected. Later it was installed on four 
60,000-volt lines 80 mileslong. This part of the system 
was also delta connected and ungrounded. 

The principle of this system of protection is based 
upon the fact that the current of a line becomes un- 
balanced relative to the same phases of other parallel 
lines when a fault occurs on it, whereas the current in 
the other parallel lines will remain balanced with respect 
to each other. This will hold true for a short cireuit 
at any point on a system of three or more parallel lines 
provided their characteristics are not appreciably 
different. Therefore, an arrangement of differential 
relays coupling a feeder with other parallel feeders and 
having the trip circuits of these relays interconnected 
in such a way that their joint action will trip the un- 
balanced feeder, will be able to select and clearsucha 
faulty feeder without disturbing the remainder of the 
system. The action of the relays will occur either 
simultaneously at both ends of the line or in succession 
depending upon the location of the fault. 

Fig. 4 shows a schematic diagram of the scheme, 
operating on this principle as applied to three parallel 
lines. Line 1, for instance, is protected by the joint 
action of the two differential relays A-12 and A-13 
responding to a line current difference between the 
lines. 

Whenever a fault develops in Line 2 or 3, Line 1 
becomes unbalanced with respect to the faulty line 
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and causes the corresponding relay to trip. Line 1 will 
remain balanced, however, with the other sound line, 
and as a result the sound relay will remain open thus 
preventing Line 1 from being tripped out. Should 
the fault be on Line 1, it will become unbalanced with 
respect to Lines 2 and 3, resulting in the action of 
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relays A-12 and A-13 and tripping out the defective 
line. In a like manner, relays B-23 and B-21 provide 
protection for Line 2 and relays C-82 and C-31 for 
Line 3. 

With the arrangement shown in Fig. 4, six differ- 
ential relays are required for the protection of a three 
line system. It will be observed, however, that in 
the whole combination, two relays each form differ- 
ential relays for the same two lines, the only difference 
being that the trip contacts of the two relays are in- 
serted in two different trip circuits. By modifying 
the system as shown in Fig. 5, the number of relays 
required may be reduced by one-half. 
relay has two independent trip contacts, each contact 
being inserted in one of the trip circuits of the two 
lines from which the relay is energized. In actual 
practise only one current transformer is used for each 
line. The schematic arrangement showing each relay 
coil being fed from a separate current transformer, was 
chosen only to show clearly the relation between the 
various lines and relays. 


(c 
Electrical Difereniston for Three Lines” 
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The same principle illustrated for the three-line 
system can also be applied to any system of more than 
three parallel lines. In any such case two ways are 
open to secure the same result. Either each feeder 
can be coupled with two parallel feeders to form the 
combination shown in Figs. 4 and 5, or each feeder 
may be coupled up with all parallel feeders. The 
latter method will require more relays but has the 
advantage in operation of permitting any line to be 
disconnected without disturbing the effectiveness of 
the protection so long as three lines remain in service. 

Where two lines only are left in service, the protec- 
tion will not be affected by through short circuits, 
but for short circuits within the section both lines are 
opened without discrimination. 

With only one line in service a short circuit at any 
point on the system may open this line instantaneously. 

All the differential relays shown in the foregoing 
diagram have been of the magnetic differentiation 
type, that is, relays with two independent current coils 
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and normally bucking each other as shown in Fig.6, (a). 
In a similar way electrical differentiation can be em- 
ployed by connecting the current transformers in 
series and shunting the relay coil across them as shown 
in Fig. 6, (b). Fig. 6 (c) shows three-line protection 
employing electrical differentiation. 

This scheme was installed on the four 60,000-volt 
lines in 1916 and remained in service until 1918 when 
this system was changed to two 90,000-volt lines. It 
then became inapplicable and was superseded by a 
scheme of double line protection, as described else- 
where. 

As proof of its effective operation during the time of 
service the following summary of operation is given: 

Thirty-two short-circuited lines were cleared success- 
fully without a single case of incorrect operation, where 
one of the parallel lines only was in trouble. There 
was one case of trouble, involving two lines in a short 
circuit, which caused: a total interruption. Only three 
lines were in service and the relays cleared both the 


faulty lines correctly, throwing the total load on the 


remaining line which tripped due to overload. 

The scheme has been very effective in reducing the 
amount of synchronous load lost due to trouble. In 
twenty-eight out of the thirty-three cases less than 5 
per cent of the synchronous load was dropped and in 
two other cases the loss was less than 10 per cent. 

This scheme has also been installed on the 12,000- 
volt distribution system for all groups of three parallel 
feeders. The installation was based on the satisfactory 
results obtained on the 60,000-volt system and was 
put in with the double object of trying, in case of 
cable failure, to save the particular substation from 
total interruption and to obtain instantaneous clearance 
thus saving the remainder of the system from serious 
secondary disturbances. 


On several occasions since this 12,000-volt instal- 
lation, cable faults have been cleared successfully 
without loss of load. In some other cases the relay 
scheme has been unable to operate properly because 
of the failure of other apparatus. The less fortunate 
performance of the 12,000-volt system, therefore, 
cannot be attributed to the failure of the relays to 
function properly. The results on the 60,000-volt 
system are considered sufficient proof of the correct- 
ness of the principle and its effectiveness. 

The chief disadvantages of this scheme are that it 
is somewhat complicated as to wiring, especially on 
more than three lines, and when only two lines are in 
service it is indiscriminating. Additional relays must 
also be provided to take care of bus short circuits if 
such protection is desired and with only one line in 
operation the differential relay setting must be above 
full-load current. 

It has, however, the advantages of being free from 
the complications and uncertainty of action inherent 
to schemes using potential and is less expensive, espe- 
cially on high-voltage systems. 
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Differential Current Scheme for the Protection of Two 
Parallel Lines? 


One company reported the installation of a differ- 
ential current system of protection for two parallel 
lines having generators or synchronous capacity at 
both ends. It was developed because of the necessity 
of obtaining some scheme which would clear the faulty 
one of the two parallel lines instantaneously. Such 
action was necessary on account of the very sensitive 
nature of the synchronous load on the system. The 
Nicholson are extinguisher was previously used and it 
was found capable of saving interruption in about 75 
per cent of all lightning short circuits but, as in prac- 
tically all cases most of the synchronous load was 
dropped, the benefit derived from this device was only 
partial. From records of section operation of two 
circuits on a single tower line it was deduced that in 
only about 25 per cent of all lightning short circuits 
were both lines affected simultaneously. Thus in 75 
per cent of the lightning short circuits a system of 
double line protection could be expected to clear the 
faulty line without interruption to the system. 

Power directional relays, even if differentially con- 
nected, were not favored for this service because of 
the sluggishness and uncertainty of action on short 
circuits near the station. The Mertz-Price system 
was also excluded for practical and commercial reasons 
because of the length of the line. 


A solution was, therefore, sought in a plain current 
differentiation between the same phases of two parallel 
lines, taking advantage of that fact that, with synchron- 
ous capacity at both ends, a short-circuited line will 
manifest itself by drawing more current than the good 
line. This will hold true for a short circuit at any point 
between stations and a relay actuated by the excess 
current to trip the faulty line and simultaneously 
prevent the sound line from tripping, can select and 
clear the faulty line without affecting the service over 
the other line. 


A schematic diagram of such a relay is given in Fig. 
7 (a). The relay consists of two instantaneous ele- 
ments so interlocked that the contacts of only one can 
be closed at a time. Short circuits outside the section 
so protected would act on the two elements with about 
equal force so that theoretically neither could make 
coutact. In actual practise, however, one would 
invariably overcome the other and result in an incor- 
rect operation. In order to overcome this difficulty 
an additional single-coil relay, energized by the differen- 
tial current between the two lines, is used. This is 
shown in Fig. 7 (b), and its contacts are connected in 
series with those of the two-coil differential relays so 
that only joint action of the two can trip a circuit 
breaker. 


2. ‘Relay Protective Features of Toronto Power Company’s 
Transmission and Distribution System’ by P. Ackerman. 
The Engineering Institute of Canada. April 14, 1921. 
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Thus any through short circuit, ‘resulting in an 
approximately balanced current flow in the two lines, 
cannot actuate the single-coil differential relay. The 
trip circuits will, therefore, remain open even if the 
two-coil differential relay should be moved into one of 
the two contact positions. 

In the case of a fault on one of the two lines, however, 
there will always be sufficient differential current 
between lines to actuate the single-coil relay and thus 
select, jointly with the two-coil differential relay, the 
faulty line. 

With only these two relays there are certain condi- 
tions of short circuit under which the sound line would 
be tripped out immediately after the faulty line had 
tripped out at one end. It is, therefore, essential 
that the trip circuit of the sound line be opened before 
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the faulty line has cleared. To do this an electrically 
controlled locking relay was adopted, energized by the 
oil circuit-breaker control in such a way that it opens 
the trip circuit of its line whenever the opposite line 
circuit breaker opens, and vice versa. 

Referring again to Fig. 7 (b), A represents the relay 
which selects the faulty line and B represents the single- 
coil differential relay which prevents incorrect opera- 
tion of the two-coil relay in case of through short cir- 
cuits. C-1 and C-2 represent the automatic locking 
relays operated by the electrical control of the opposite 
line circuit breakers to prevent the sound line from 
opening immediately after the faulty line in case of 
short circuits at the extreme ends of the section. 

Thus all conditions are taken care of and the scheme 
has proved effective for any kind of line short circuit 
when only one line was in trouble. It was installed 
first on two pairs of 60,000-volt lines, 80 miles long, and 
was operated in conjunction with the differential 
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current scheme for three or more parallel lines, as 
described elsewhere, until these four lines were changed 
to two 90,000-volt lines when the other scheme became 
inapplicable. This method of operation was followed 
about two years and as long as three or four lines were 
available the double line protection was used only 
during lightning storms or whenever other operating 
conditions arose which left only two lines in service. 
During lightning storms only two lines were operated 
as, on account of the insulators, only two were consid- 
ered lightning safe. 

Since the change to the 90,000-volt double line system 
the scheme has been in constant service. Operating 
records were available only from 1917 through eleven 
months of 1920, and during this time ninety-seven 
short circuits were cleared without a single failure, 
so long as only one line was involved. These short 
circuits were both single and three-phase and at every 
possible location between the two extreme ends of the 
lines. The reduction in the amount of synchronous 
load dropped during trouble was also very noticeable, 
being less than 30 per cent in all cases except eight and 
in most cases less than 15 per cent. 

During this time there were fourteen cases of trouble 
in which the short circuit involved both lines and the 
relays were unable to function. Double-line short 
circuits were naturally to be expected because both 
circuits were on the same pole line. 

The chief advantage of this scheme lies in its freedom 
from the use of potential transformers. This is especi- 
ally desirable on high-voltage systems on account of the 
cost of these transformers. As disadvantages the 
following may be mentioned: 

1. It is complicated in wiring and depends upon the 
correct functioning of three relays, each having a set 
of contacts in series. 

2. Will not operate on bus short circuits, and addi- 
tional relays must be provided if such protection is 
desired. 

3. The last line is non-automatic unless the locking 
relays are arranged for automatic reclosing after a 
definite time interval. The last line would then have 
instantaneous protection provided the relays were set 
above the full-load current of the line, but would be 
affected by through short circuits. 


Split-Conductor Cable System 

One company reports four installations of split- 
conductor cable as follows: 

1. Four 350,000-cir. mil cables between generating 
and substation. 

2. Two 350,000-cir. mil abniee between substations. 

3. Two 2/0 cables between generating station and 
customer’s substation. 

4. Two 250,000-cir, mil cables between substation 
and customer’s substation. 

On Installation No. 1 the feeders are tie lines con- 
necting a generating station with an important sub- 
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station, and a scheme which would disconnect a defec- 
tive line at an earlier stage in the development of the 
fault and more quickly than is possible with over- 
current and uni-directional relays, was required in 
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order to reduce as much as possible the disturbance to 
such an important part of the system. Split-conductor 
protection gave promise of better satisfying these 
conditions than any other scheme. The other instal- 
lations are paired radial lines and were installed 
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mainly to try out the scheme in other localities and 
under different conditions. Installations No. 3 and 
No. 4 supply customers who demand the least nosis 
disturbance to their service. 
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A schematic diagram of the installation is given in 
Fig. 8 and a typical wiring diagram in Fig. 9. 

The differential current transformers are made up 
of two primary windings, differentially wound, and a 
single secondary winding divided into two sections, 
giving a ratio of 4 to 1 when in series and 8 to 1 when in 
parallel. 

Single-pole, instantaneous, over-current relays of 
the two-coil type with hand-reset contacts are used. 

The reactance coils are of the iron-core type with a 
500-ohm resistance in parallel, and the value of the 
reactance depends upon the length and size of the 
cable. They are of about the same size and form as the 
current transformers. 

The lines of installation No. 1 are all operated in 
parallel. The other installations are paired radial 
lines, the lines of each pair being operated in parallel. 

The relays may be tested for current balance by 
inserting a low scale ammeter in series with the relay 
winding while the cable is heavily loaded. The oil cir- 
cuit breaker may be tripped at any time by opening 
one of the split disconnecting switches. It has been 
found that a setting for 10 per cent unbalance works out 
satisfactorily. 

The time that each of these installations have been 
in service is as follows: 


Installation No. 1 Feb. 20, 1918 to present date 


No. 2 Sept. 29, Pico 
“ No. 3 Jan. 6, 1918 “ Aug. 21, 1920 
& No. 4 Sept. 29, 1917 “ Dec. 28, 1918 


All these split-conductor installations have proved 
satifactory but only installations No. 1 and No. 2are 
now in service. Installation No. 3 was discontinued 
after a cable failure, as split-conductor cable could not 
be obtained in as short a time as was necessary which 
necessitated its replacement by standard cable. In- 
stallation No. 4 supplied service to a large customer 
who closed down his plant after completing war con- 
tracts. 

As proof of the effectiveness of the split-conductor 
scheme of protection the following summary of opera- 
tion was given. 

Installation No. 1—There have been no incorrect 
operations. There have been six correct operations. 

Installation No. 2—There,have been two incorrect 
operations. In the first case a fault on a line between 
the generating station and another sub-station opened 
both lines at both ends. In the second case the-oil 
circuit breaker on another line at the generating sta- 
tion failed and opened both split conductor lines at 
both ends. Of the four split conductor installations, 
this is the only one to have incorrect operation and its 


is believed that there is an unbalance somewhere in. 


the connections which was not evident when checked 
by the usual methods and which caused the relays to 
operate under heavy surge conditions or on through 
short circuits. This is to be carefully checked, by 
actual test if necessary. There have been no cable 
failures and, therefore, no correct operations. — 
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Installation No. 3—No faulty operations have taken 
place. There have been three correct operations, in 
each instance the faulty line being tripped out without 
opening any other lines. 

Installation No. 4—No cable or apparatus failures or 
operations, either faulty or correct have occurred. 

In every case of cable failure the line was cleared at 
such an early stage in the development of’ the fault 
that there was no perceptible voltage dip or other form 
of system disturbance. 

Up to the present time no pala have been made to 
duplicate operating conditions and the operations 
which have occurred indicate neither the necessity 
of such tests nor the need of any change in the trial 
installations except as mentioned in the summary 
of operations of installation No. 2. 

From the experience which this company has had 
with this scheme of protection it is considered superior 
to the over-current and uni-directional scheme in the 
following respects: 

1. It does not require tapered time settings for 
selectivity and thus may have any number of substa- 
tions in a loop or in tandem. 

2. It does not require the aeiiaien of short-cir- 
cuit currents for relay settings. 

3. The cable is disconnected at an early stage in the 
development of the fault, generally before the cable is 
badly damaged and with practically no dip in the volt- 
age or shock to the system. 

4, A breakdown in the primary winding of the 
differential current transformer or in the reactance coil 
causes the line to trip out, thus indicating an apparatus 
breakdown at the time of its occurrence. 

5. The scheme is applicable to any number of lines 
and additional lines may be added without any change 
in the wiring or relay settings of the lines in service. 

It is also considered to have the following disadvan- 
tages: 

1. It is more expensive by about 20 per cent than 
standard cable with over-current and directional pro- 
tection. 

2. It requires special apparatus. The reactance 
coils, differential current transformers, double dis- 
connecting switches and cable are special and are 
usually of slow delivery, which may cause considerable 
delay and inconvenience in case of breakdown, unless 
sufficient material is carried in stock to take care of 
any emergency. ; 

3. It does not protect against bus short circuits, 
necessitating over-current relays if such protection is 


desired. 


Pilot-Wire Scheme Using Differential Relays 

One of the companies has tried a pilot-wire scheme on 
the balanced voltage principle, that is the e. m. fs. of 
the current transformers at each end of the pilot wire 
are opposed to each other. However, after a thorough 
test of this scheme, it has been superseded by another 
pilot-wire system which its originator has called a 
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balanced differential system. This system makes use 
of a special differential relay having two coils with 
equal turns, and connected so that under normal opera- 
tion the currents through these two coils are equal 
but in opposite directions. By reference to Fig. 10, 
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it will be observed that the current from one of the 
current transformers divides into two equal parts, one 
part going through one coil of the relay, thence through 
the pilot wire to the other station, while the other half 
of the current flows through the relay and through a 
resistance which is adjusted to be equal to that of 
the pilot wire. It is easy to see that under normal 
conditions, no matter how heavy the current may be 
through the feeder, there will be no unbalanced current 
through the relay attempting to operate it. However 
when trouble occurs in the feeder, the current from 
the transformer at one end of the pilot wire will oppose 
the transformer at the other end, and, therefore, it 
will not divide evenly, relatively less current flowing 
through the pilot wire and more through the resistance 
so that the magnetic balance of the relay will be upset, 
causing it to operate. 

The system shown in Fig. 10 with two pilot wires 
will operate only when the cable fault involves current 
flowing to ground, but the system shown in Fig. 11, 
which requires three pilot wires, will operate no matter 
what may be the nature of the fault. It has been 
estimated that to protect a 5000-ft section of cable, 
the cost of the two-wire installation would be 90 per 
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cent, and the cost of a three-wire installation 110 per 
cent of the cost of a standard installation of directional 
relays. For a 10,000-ft. length of cable, the cost would 
be respectively 135 per cent and 170 per cent of the 
cost of a directional relay installation. 
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This company’s network is quite extensive and it 
was feared that on many of their loops, where a number 
of substations are in series, the total time setting re- 
quired on some of the over-current relays, in order that 
they might be properly selective, would be so high 
that the conventional over-current directional scheme 
This pilot-wire scheme was 
therefore selected for use on certain sections to secure 
instantaneous operation and thereby reduce the time 
required on other relays. Furthermore, since most 
cable troubles start on a breakdown to ground, this 
scheme will, in the majority of cases, disconnect the 
faulty cable before the trouble has developed into a 
short circuit. 

Since August 1918, the scheme using two pilot wires 
has been applied to 60 lines and the three-pilot-wire 
scheme to four lines. There have been 28 correct and 
12 incorrect operations, the latter being due largely to 
the defective apparatus which was used on the first 
few installations. It is interesting to observe the 
causes of the false operations, which can be grouped as 
follows: 

Defective apparatus and connections 6 
Errors in making connections....... 


Unbalance in the current circuit due 
to instrument installations....... 


: POtAl. Sc nite eee 12 

During the past two years there have been only two 
incorrect operations and it is reasonable to expect 
even less in the future. 

The advantages of this scheme are: 

1. Complete independence of relays on one line 
from all others. 

2. Selective time settings are not required as the 
action is instantaneous. 

3. High current settings are not required and short- 
circuit current calculations are unnecessary. 

4, Special cable is not required as in the case of the 
split-conductor scheme. 

5. The balancing operation is simple, requiring 
merely the adjustment of the series resistance. 

6. Standard current transformers may be used and 
no high potential is induced in the line-current trans- 
formers. } 

7. The complexity of the network offers no diffi- 
culty in the application of the scheme except in the 
case of tapped lines. 

The one disadvantage of this scheme lies in the cost 
of the pilot wire. For long transmission lines, induction 
type relays are preferable but for short lines or for a 
network this pilot-wire scheme has many advantages. 


Differential Pilot Wire 


One company reported that differential protection, 
using pilot wires, was originally tried out on several 
110-kv. line sections but that it was abandoned because 
of very frequent interruptions which could not be 
satisfactorily explained. 


Station No.2 Bus 


June 1922 


On account of the high voltage of the system it 
was desirable to disconnect a faulty circuit instantane- 
ously and this scheme was devised in the hope that 
it would meet the requirements. A schematic diagram 
of the installation is shown in Fig. 12. The longest 
section upon which it was installed was 51 miles and 
the shortest 138 miles. The neutral of the system was 
at first ungrounded, but was later grounded through a 
water resistance. One ground was located in the 
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neutral of the step-up transformers and the other 
in the neutral of the step-down transformers at two 
places in the system. 

The special equipment required for the scheme 
consisted of bushing-type current transformers with 
secondary and tertiary windings. Ordinary alter- 
nating-current trip coils of rather high impedance were 
used as relays. 

Referring to Fig. 12, the operation was as follows: 

Under ordinary conditions of flow of power, the 
current flowing out of the circuit at the receiving end 
should be equal to that flowing into it at the trans- 
mitting end. Under these conditions, the voltage 
induced in the secondaries of the bushing type current 
transformers would be equal and opposite, and currents 
proportional to the line current would flow in the delta- 
connected tertiary windings, with no tendency to flow 
through the trip coils in parallel with them, since the 
resultant of the line currents would be zero. Thus, 
when any current flowed from the transmitting end 
without reaching the receiving end, as would be the 
result of a fault, the system would be unbalanced, and 
current would be forced through the trip coils to operate 
the circuit breakers. 

The scheme was in service about two years. No 
adequate records of the various tests or operations are 
now available, but it was abandoned as unsatisfactory 
about 1913. The use of the ground for one conductor 
of the pilot-wire system may have been partly respon- 
sible for the defective operation of this scheme. This 
may apply, especially, on account of exposure to the 
power circuit which would normally indicate the de- 
sirability of proper relative transpositions in the pilot- 
wire circuit. It is also possible that an attempt was 
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made to have the equipment too sensitive, and as 
inverse time over-current relays with mechanical trip 
were used on the same lines, it is probable that these 
operated simultaneously with the differential relays 
and thus destroyed selectivity. 

This scheme is described chiefly as a matter of interest 
since it constitutes the only reported attempt to use such 
a scheme on a high-voltage overhead system. 


Ill. Differential PowerSchemes. Thediffer- 
ential current schemes just described, though usually 
simple in equipment and installation are subject in some 
cases to disdavantage in that the line in trouble does not 
carry the greater current. Differential power protec- 
tive schemes for parallel lines, however, are discrim- 
inating in their action in all cases and can be relied 
upon when the effectiveness of the simpler schemes 
may be doubtful. 


A Modification of the Differential Power Scheme 


One company reports the installation of the funda- 
mental scheme described in the paper on Transmission 
Line Relay Protection in 1919, but the application 
has been modified by the introduction of auxiliary 
transformers across the secondaries of the current 
transformers. These are used first as_ balancing 
transformers, different ratios being provided so that 
differences in the main current transformer secondary 
currents may be compensated for; second, to permit 
grounding of the main current transformer second- 
aries without danger of interference with the operation 
of the relays; and third, under heavy short circuits the 
auxiliary transformers become saturated and limit the 
current flowing to the relays, thus preventing the ten- 
dency of the relays to “‘chatter’’. 

In this installation elaborate arrangements have been 
made’ to substitute plain over-current for the differ- 
ential power protection when operating changes re- 
quire and provision has been made, by means of a 
differential direct-current relay and contactors arranged 
as a bridge, automatically to open the current trans- 
former loop when only one line is in service, thus leav- 
jug plain directional protection on the line. 

No operating results for this installation were supplied 
and it is described chiefly as an interesting modification 
of a well-known scheme. 


Differential Duo-Directional Relay Schemes 

Several companies reported installations of differen- 
tial.duo-directional relays. A simplified diagram of this 
scheme is shown in Fig. 18. No special equipment is 
required, standard over-current: and directional relays, 
with double-throw contacts on the directional element, 
being used. The principle of operation of the scheme 
is the same as that described in the paper on Trans- 
mission Line Relay Protection in 1919. 

It may also be well to point out that if protection 
against balanced or bus faults is desired, over-current 
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relays may be inserted in each current transformer 
secondary circuit to take care of such requirements. 

Outside of the usual phasing tests as made in the 
standard uni-directional relay installation, there are 
no special precautions necessary except to make a check 
for zero current by inserting a low-reading ammeter in 
series with the relay current coil while the lines are 
heavily loaded. 

One company reported two trial installations of 
these relays which were installed because of a desire 
to find a balanced scheme, applicable to two lines which 
would not require tapered settings for selectivity and 
would not be affected by through short circuits. 

Installation No. 1 has been in service since April 1919. 
Up to June 1921, there were twenty-five operations, 
two of which were correct and twenty-three faulty. 

Of the two correct operations, one occurred during 
a sleet storm, one line being out of service. The other 
opened at both ends and two phases were found to be 
faulty. No other lines came out, and although classed 
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as a correct operation it is not a fair trial of the scheme 
as applied to paired line protection. The other 
correct operation occurred during an electrical storm. 

Of the twenty-three faulty operations, nine occurred 
during electric storms. Of these, eight opened both 
lines and other lines were opened on the same disturb- 
ance, and one opened only one line, the other being 
out of service at the time, but other lines on the system 
were opened. Of the remaining fourteen operations, 
there were three cases where both lines were opened 
but no others, and eleven cases where both lines were 
opened with others. 

Installation No. 2 was put into service in July 1919 
and up to July 1921 there were twelve Opaeahns, 
three being correct and nine faulty. 
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In one of the three correct operations one of the paired 
lines was out of service at the time so the operation was 
similar to that of installation No. 1. In another opera- 
tion faults occurred on both lines and both were cleared. 
The third operation was the only case of a fault ocecur- 
ring on one line of the pair, in which the faulty line was 
cleared and the healthy line remained in service. 

Of the nine faulty operations, two occurred during 
electric storms. -No cause was found but both lines 
were opened and other lines were opened in one of 
these cases. Of the remaining seven operations both 
lines were tripped out and in three of these cases other 
lines were also opened. 

The results obtained from the operation of these 
trial installations, up to June 1921, were not satis- 
factory. There seemed to be a greater tendency for 
the relays to operate on through short circuits and 
during electric storms than with the standard direc- 
tional scheme using two relays. It was desired, how- 
ever, to give the installations a further trial. It was 
thought that the wattmeter element to which the 
double contacts are attached, having less than one- 
sixteenth inch movement from one contact position 
to the other, upon clearing the faulty line rebounds 
from one contact to the other and thus trips out the 
healthy line.. It was, therefore, decided to install 
locking relays which would make inoperative, for a 
definite time, the oil circuit breaker trip on one line 
when the relays are actuated to trip the other line of 
the pair. In this way it was hoped to overcome the 
difficulty. 

These locking relays were put in service on installa- 
tion No. 1 in June 1921, and up to March 1922 there 
were nine operations, six of which were satisfactory 
and three faulty. Of the six correct operations two 
occurred during storms and four were due to flashovers. 
Of the three faulty operations, one occurred during 
an electrical storm, with one line of the pair out of ser- 
vice, a fault on another line caused the remaining line 
of the pair to trip out. In another case both lines 
tripped out when one line was tried out after a correct 
operation which was due to operating conditions and 
not the fault of the relay. In the third case an end 
fault on one line tripped both lines out. The relays 
have been reset for this end fault condition. 

On installation No. 2 the locking relays were put 
into service in July 1921 and to March 1922 there has 
been one operation. This occurred during an electric’ 
storm and was satisfactory. 

From these last operating results it would seem that 
the locking relays have, to a large extent, overcome the 
difficulties originally experienced. It is intended, 
therefore, to retain both installations and ve them 
further trial. 

Except in the matter of lessened panel space and 
the slightly smaller investment required for the duo- 
directional equipment over the double unidirectional 
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equipment, this company considers that the trial 
installations have shown no advantage. 

Another company reports the installation of nine 
groups of these duo-directional relays. Locking relays 
are not used on any of these installations and the opera- 
ting records show that over a period of fifteen months 
after they were put into service, the operation was 
correct in about 70 per cent of the cases of trouble. 
These results were not considered entirely satisfactory 
but the installations are to be retained with the inten- 
tion of further improving them. 

A third company reported the installation of eleven 
sets of these relays which were originally installed with- 
out locking relays, but these are now being added. 
Although operating records were not available to show 
successful and faulty operations, the equipment is 
reported as having proved satisfactory. A number of 
difficulties has been encountered but all were not 
attributed to causes inherent in relays but to external 
faults such as defects in wiring and burnouts. 

A fourth company reports the use of two groups of 
these relays but no definite operating records were given 
so that it was not possible to determine whether the 
installation was satisfactory. 

The fifth reported that four groups of these relays 
were in use but the operating results as given were not 
sufficiently definite to determine what success had been 
obtained. 


DIFFERENTIAL POWER SCHEME USING Bus 
SECTION CIRCUIT BREAKER 


One power company reports the use of a bus-section 
circuit breaker tripped by over-current relays to pro- 
vide protection in case of a bus or other balanced fault. 
An auxiliary switch then serves to inject additional 
- time when this section circuit breaker opens, practic- 
ally resulting in time over-current and directional 
protection until the circuits are again paralleled by the 
section circuit breaker. 

Except in the case of balanced faults the conventional 
differential power scheme is used and the method of 
sectionalizing the bus has the advantage of main- 
taining service over one line and on approximately one- 

half the feeders in the station in case of bus failure. 


IV. Ground Relay Schemes. Whena system 
neutral is grounded through a comparatively high resist- 
ance the usual over-current relay set for short-circuit pro- 
tection may not be able to operate in case of ground 
faults. It appears to be accepted practise in such 
instances to connect a “‘residual’’ relay in the neutral 
lead of the current transformer secondaries.. This 
relay will be energized only in case of a ground on the 
system and accordingly may be set for a very much 
lower value than the “phase” relays. These residual 
relays may be given time and current grading in the 
same manner as the phase relays. The general prac- 
tise is to use phase relays in each of the three phases 
and the residual relay in the neutral. This is recom- 
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mended on account of the fact that the third phase 
relay provides added insurance of protection in case of 
either phase short circuits or faults to ground. 


Pilot Wire Protection against Grounds 


On a 23,000-volt cable system looping frequently 
through substations and further interconnected into a 
network so extensive and complicated as to involve 
rather high and difficult settings, the pilot wire pro- 
tective scheme shown in Fig. 14 has been installed in 
five of the shorter sections with a sixth now being added. 

From the diagram it will be noted that the protective 
equipment is connected to the neutral circuit of the 
main current transformers and that practically no 
current will flow in any of the tertiary circuits under 
normal conditions or under abnormal conditions not - 
involving a ground. This insures against any pos- 
sibility of operation for overloads or for any faults which 
do not go to ground. This characteristic may be 
considered a disadvantage by some engineers but the 
operating company in this case feels that the proportion 
of faults which do not either start with, or become, 
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grounds is sufficiently small to justify the reduction 
in equipment secured and the additional safeguard 
against operation on through faults. 

If a ground is assumed as occurring on some more 
remote section, equal currents will flow in the neutral 
circuits N, and N.2; secondary current transformers 
S, and S. connected in these circuits (principally to 
permit grounding of the main current transformer 
secondaries for safety reasons) will then cause a cur- 
rent to circulate through pilot wires A and B. No 
current flows through the relays, however, due to the 
use of the third pilot wire R which permits connecting 
this relay circuit to equal potential points regardless 
of the drop in the other two pilot conductors. If, on 
the other hand, the ground should occur on the section 
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under consideration there will again be currents in the 
neutral but in this case they will be unequal or opposed 
and accordingly a current approximately proportional 
to the fault current will flow through the relays and 
pilot conductor R. This will cause relays to operate 
and the circuit to be isolated. 

These five sections have been in service from one to 
two years. During this time none of these cables have 
failed. Therefore positive data on the operation of this 
equipment are lacking. A number of artificial faults 
have been applied, and the relays operated correctly in 
every case. 

The advantages of this scheme have been given 
above. Granting that protection against grounds is 
all that is required the only practical disadvantage 
consists in the additional cost of the third pilot wire. 


Selective Ground Relay Scheme 


One company reported the trial installation of a 
selective ground relay scheme which was adopted with 
the expectation that faults of slow development would 
be cleared at an earlier stage than is possible with 
phase relays, thus preventing the trouble from being 
communicated to nearby lines and preventing the 
system from being subjected to severe shock. 

The installation was made on five lines and the volt- 
age is 26,400 with the neutral solidly grounded, at the 
generating station. 

A schematic diagram of the installation is shown in 
Fig. 15. It will be observed that the ground relay is 
connected in the neutral of the current transformer bank 
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and that where over-current relays are used their 
contacts are paralleled with those of the ground relays. 
When the over-current directional combination is used 
the ground relay contacts are arranged to short circuit 
the over-current element, thus leaving the wattmeter 


HESTER, CONWELL, TRAVER AND CRICHTON: 


Transactions A. I. E. E. 


element to discriminate as to direction of power flow. 
No special equipment is necessary except that the di- 
rectional relays are equipped with an extra terminal 
which taps the trip circuit between the contacts on the 
two elements. 

The ground relays are induction type over-current, 
having gears interposed between the disk-shaft and the 
contacts. They have a minimum operating current 
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range of from 0.5 to 2.6 amperes and the energy con- 
sumed is low, being in the neighborhood of 2 to 8 
volt-amperes. The current transformers are of the 
standard through or bushing type. 

The relays are set by applying test current to the 
secondary terminals of one of the current transformers, 
with the three phase relays and the ground relays in 
circuit, as shown in Fig. 16. Thesecondary test current 
is determined by dividing the primary ground current 
by the turn ratio of the current transformers. By 
this method of testing, the exciting current of the 
current transformers and the shunting effect of the 
circuit formed by the two current transformers and 


phase relays on the other two phases are taken into 


consideration. With bushing-typecurrent transformers 
these factors greatly modify the setting unless allowance 
is made by calculation or by the test method. 

These installations have been in service from De- 
cember 28, 1920 to the present time. Prior to Janu- 
ary 1921 there were two correct operations both of 
which indicate that the ground relays operated at an 
early stage in the development of the fault. 

Since January 1921, a 150-ohm ground resistance 
has been installed limiting the ground current to 100 
amperes. The following summary of operations show 
the results which have been obtained: Up to March 
1922, there were seventeen operations, four of which 
were faulty and thirteen correct. In the case of the 
faulty operations, two lines, not on the same pole line, 
operated upon a fault or flashover on one of these lines. 


June 1922 


No lines were found to be bad. In July 1921, the 
settings were changed on these relays, and since then 
no faulty operations have occurred. Of the thirteen 
correct operations, in six cases one line only came out 
with no lines bad, but the dip in voltage gave evidence 
of a flashover. In seven cases, two lines on the same 
pole line opened, two cases a fault occurred on one line 
and one case a fault occurred on both lines, while in 
the other four cases no lines were found to be faulty, but 
a flashover was evidenced by the dip in voltage. 
These are counted as satisfactory operations, inasmuch 
as the lines are in a section frequented by strong winds. 
The lines are all closely spaced on the crossarms and 
experience has shown that in a large percentage of 
cases a flashover on one line carried over to the other 
lines. 

The above summary does not include operation during 
electric storms. There have been three or four heavy 
storms in which the load dispatchers were not able to 
make any record of the operations. 

The reporting company has since equipped another 
26,400-volt system, having a 150-ohm neutral resistance 
with selective ground relays operating on bushing type 
current transformers. This system consists of four 
lines with widely spaced conductors arranged in a loop. 
No operating data for this installation are available. 

Another company reports the installation of a residual 
relay, of the type described in the foregoing, in the 
neutral lead of the current transformer secondaries on a 
differential power scheme. These installations are 
at the receiving end of three sections of 110-kv. double- 
circuit lines in tandem. The function is exactly the 
same as that of the residual relay at the receiving end 
of the foregoing scheme. These installations have 
only recently gone into service and therefore no opera- 
ting records are available. 


Selective Differential Ground Relay Scheme 

One of the companies is making use of the conven- 
tional differential power scheme, using directional relays 
onits high-voltage system, consisting of two parallel lines 
with a number of substations, sectionalizing them at 
various points. But in addition to the differential 
relays for protection against short circuits the company 
makes use of induction-type differential relays con- 
nected in the neutral connection of the current trans- 
formers so as to disconnect a grounded transmission 
line. This is necessary because the high-tension neutral 
is grounded through a comparatively high resistance. 
This system has not yet gone into operation, but 
service tests are now being conducted, and will be 
reported some time in the near future. 


Potential Ground Relay System 

Another company reports a ground relay system 
which was devised to protect underground three- 
conductor lead cables from excessive potential strains 
upon the conductor insulation of the other phases when 
a ground develops on one phase. The cables are opera- 
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ted at 15,000 volts and each line is isolated from other 
parts of the system. Since the system is ungrounded 
practically no ground current flows when a ground 
occurs but the potential between the other conductors 
and sheath is raised from star to line voltage. 

A schematic diagram of the installation is shown in 
Fig. 17. No special equipment is used, all apparatus 
being standard. The relay is of the over-current induc- 
tion type and has a minimum operating current range 
of 0.5 to 1.5 amperes. 

Referring to Fig. 17, when a ground occurs on A, 
for example, the potential transformer on that phase 
becomes short circuited, since the primary side of the 
potential transformers are connected in star and the 
neutral grounded. This in turn causes a current of 
low value to circulate through the potential transfor- 
mer secondaries which are connected in delta through 
the over-current relay. Thus the relay will operate 
for a ground on any phase and clear the defective line. 


Station Bus 


Circuit Breaker 


bx Low Current Relay 
©) Annunciator 
2 


Potential ae =) 
Bell 


Transformers 


= Ground 


CBA 
Incoming 
Lines 


Fig. 17—Scuematic DiaGRAM OF PoTENTIAL GROUND RELAY 
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This installation has been in operation since 1917, 
though no operating data are given for the period 
prior to 1919. During 1919 and 1920 there were 18 
eases of correct operation and 2 cases of incorrect 
operation. 

While the operation of the scheme has proved satis- 
factory it has been abandoned in favor of a scheme 
which will discriminate between lines and thus permit 
paralleling. 

The installation has a threefold advantage in that it is 
simple in detail, is very quick to remove the trouble 
and functions without requiring any appreciable cur- 
rent to be flowing in the fault. 

Its one great disadvantage is that, in case of a ground 
all the apparatus which it protects is disconnected. 
It, therefore, prevents the paralleling of feeders, as in 
an interconnected network or on parallel feedersfall 
lines are likely to be opened on account of static un- 
balance. 
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GROUND SELECTOR RELAY SCHEME?’ 


In order to overcome troubles due to grounds on a 
12,000-volt ungrounded distribution system, one com- 
pany reports the installation of a ground selector- 
scheme. The distribution system in question con- 
sists of approximately 80 miles of underground and the 
same amount of overhead distribution all fed from the 
same bus bar. Because of the extent of the system, 
grounds were quite frequent and cross short circuits 
sometimes developed before the ground could be loca- 
ted and cleared. This usually meaiit an interruption 
to a more or less extensive portion of the system. 
Some means of detecting and cléaring the ground imme- 
diately upon its development was, therefore, very desir- 
able and since the system was delta-connected this 
meant either the installation of grounding transformers 
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or the development of some means of accomplishing the 
same results. After a thorough study of the situation 
it was decided to adopt the ground selector scheme 
shown in Fig. 18. 

The principle of this ground selector is that any 
ground occurring on the system will immediately 
be developed into a short circuit by automatically 
grounding another phase at the base station and arti- 
ficially completing a short circuit path. Short circuit 
current will then flow out into the fault, operating the 
phase relays and clearing the defective feeder in the 
same manner as if it was short-circuited. The arti- 
ficial ground is made at the base station bus through 
an oil circuit breaker which is automatically opened as 
soon as the defective feeder is cleared, thus restoring 


3. “Relay Protective Features of The Toronto Power Com- 
pany’s Transmission and Distribution System” by P. Ackerman. 
The Engineering Institute of Canada. April 1921. 
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the system to the normal condition. The circuit 
breaker is connected to ground through a very low 
resistance water rheostat which does not appreciably 
affect the magnitude of the fault current under the 
most limited current conditions, but has the advantage 
of sustaining the bus bar voltage in case of grounds 
near the base station, thus helping to keep the synchro- 
nous load in step. 

Referring to Fig. 18, the essential features of the 
scheme are as follows: 

The primaries of the three potential transformers 
are connected in star and the neutral point grounded. 
The secondaries of these transformers are each con- 
nected to an over-voltage relay, the action of any two 
of which will close the proper ground circuit breaker. 
So-called transfer relays are provided to insure the 
automatic opening of the circuit breaker as soon as 
the grounded feeder has been cleared. 

Normally the three phases of the system will be 
balanced to ground, the potential on the transformers 
being the same and equal to 58 per cent of the voltage 
between phases. A ground on one phase will tend to 
lower the voltage on the corresponding transformer 
and the voltage on the other two phases will tend to 
rise to line voltage of 1.73 per cent of the normal volt- 
age to ground. The over-voltage on the two sound 
phases operates the corresponding over-voltage relays 
and closes the ground circuit breaker. 

As a specific example, assume a ground on Phase A 
of Line 1. This results in a high voltage on phases B 
and C, operating their corresponding relays and closing 
the ground circuit breaker on phase C. There is then 
a complete short circuit between phases A and C and 
the phase relays clear the faulty line. This leaves 
the grounding circuit breaker closed, resulting in a 
ground on phase -C, and except for the transfer relay 
the other ground circuit breaker would close, due to 
the high voltage on phases A and B, and cause a bus 
short circuit. The transfer relay, however, locks the 
closing circuit of the second ground circuit breaker 
immediately upon the closing of the first one and at 
the same time prepares for the tripping of the one which 
has been closed. When the ground circuit breaker 
on phase C closes it energizes the coil of the transfer 
relay 7-2, throwing the lever over into the other con- 
tact position. In this position of the lever, high voltage 
on phases A and B will trip the ground circuit breaker 
on phase C and reestablish normal conditions instead 
of wrongly closing phase A to ground through the other 
circuit breaker. In a like manner a defective feeder 
which may become grounded on phase B or C, will 
be cleared and normal conditions reestablished. 

Other features which are not shown in the diagram 
but which are added to make the device practical 
are as follows: 

A differential potential relay, responding only to 
unbalanced potential to ground, to prevent the over- 
voltage relays from operating on balanced over-voltage. — 
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Such action would not, in itself, be harmful, since the 
transfer relays would prevent the closing of the ground 
circuit breakers, but it would necessitate resetting the 
device, as the transfer relays are not automatically 
reset. It has been found advantageous to limit the 
device to one operation since automatic resetting might 
cause trouble if a ground should develop into a short 
circuit and clear the feeder before the ground circuit 
breaker is completely closed. The transfer relays are, 
therefore, arranged for hand resetting. 

The ground circuit breakers are equipped with over- 
current relays set high enough to permit the feeder 
phase relays to operate before the ground circuit 
breaker opens. They are also provided with complete 
electric control which permits the operator to operate 
them manually if occasion arises. In addition, a hand 
locking switch is provided so that the automatic fea- 
tures can be removed without interfering with the hand 
control of the grounding circuit breaker. 

This ground selector scheme was put into service in 
1918 and its operation has been very satisfactory. 
During a period covering something over two years, 
operating records show that it effectively cleared a 
total of 86 grounds. Of these 86 cases of trouble, 40 
were classed as permanent and were due to such 
causes as cable troubles, bad insulators, bad current 
transformers, operators’ mistakes and testing faulty 
feeders. The remaining 46 were classed-as transient 
troubles and were due to lightning and unknown causes 
probably customers’ grounds or outside interference. 

During this same period there were 41 momentary, 
self-clearing grounds, due to unknown causes, starting 
the ground selector but clearing before the ground 
circuit breaker closed. : 

The advantage of this ground selector scheme seems 
to be in the cost as compared to other schemes. The 
two alternative schemes for accomplishing the same 
result are as follows: 

1. The installation of low reactance grounding 
transformers of large capacity so that sufficient current 
to operate the phase relays would be obtained, even on 
very remote grounds. 

2. The installation of smaller capacity grounding 
transformers of higher reactance and the addition of 
special ground relays of low setting, which would take 
care of limited ground current. 

The first was undesirable, in the case of the reporting 
company, on account of the inherent high cost of the 
high-capacity transformers and the second was equally 
undesirable because of the expensive relay and current 
transformer equipment required. Additional current 
transformers would have been necessary because all 
those available were fully loaded and the addition of 
new ones would have introduced complications on 
account of space limitations. The idea of grounding 
transformers was, therefore, abandoned in favor of the 
ground selector scheme. ' 

The chief disadvantage is the loss of the advantage of 
a permanently grounded system. There is also the 
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possible disadvantage of having no ground protection 
in case a ground should occur before the device is 
reset after an operation. 

VY. The Under-Voltage and Over-Current 
Combination. Whenashort circuit occurs on any 
part of a system the potential will bea minimum at the 
point of fault, increasing as the source is approached. 
This, therefore, provides another means of discrimination, 
which, in combination with over-current devices, may, 
under favorable circumstances such as long overhead 
lines, greatly increase the certainty of selectivity. 

In the report of the Protective Devices Committee, 
submitted June 24, 1919, entitled ‘“Transmission Line 
Relay Protection,’ there was described a method of 
automatically sectionalizing transmission lines, which 
made use of under-voltage and over-current relays. 
One of the companies installed this system about twelve 
years ago, and it has been estimated that the operation 
of the system, as far as the relays are concerned, has 
been about 85 per cent of perfect. However, this 
installation was made before reliable directional relays 
had been produced, and consequently, it does not con- 
tain any directional element, as a result, the circuit 
breakers on the incoming line, as well as on the defec- 
tive outgoing line at each substation, were frequently 
tripped open so that on many cases of line trouble the 
substations at both ends of the defective line were lost. 
However, this was considered quite an improvement 
over previous conditions because it restricted the 
trouble to one section of the system, which is an impor- 
tant one and supplies an important industrial commun- 
ity. This scheme is now being superseded by conven- 
tional over-current and directional relays, but the 
Committee considers it of importance because it is a 
pioneer application of a protective relay principle 
which will, without doubt, soon be given another 
trial using more highly developed apparatus of greater 
refinement. 


The Calculation of Short-Circuit Currents 


A fault on a system produces an abnormal condition, 
which has no relation to normal loads and overloads, 
and in order to obtain selective action from over-current 
and directional relays, it is necessary to set them for the 
currents flowing under this condition. Feeder over 
loads can be taken care of by attention on the part of 
the operators. 

This necessitates the calculation of short-circuit 
current values as a basis for relay settings. These 
calculations have been covered by numerous writers, 
so that this article will only give a description of a 
generally used method with references for those who 
desire further to investigate the subject. 

Practically all short-circuit current calculations are 
made with reactance alone, resistance and capacity 
being neglected. In- general, neglecting resistance 
and capacity does not produce an appreciable error 
except in certain types of systems. This reduces the 
calculations to an application of Ohm’s and Kirchoff’s 
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laws, using reactance in place of resistance. One 
method is to express the reactance of all generators, 
transformers, lines and other apparatus in ohms from 
one phase to neutral, and by adding up the reactance 
from the point of short circuit, to and including the 
generators, and dividing the sum into the voltage to 
neutral, the instantaneous value of the short-circuit 
current is found. This is the principle of the usual 
methods of calculations, but in systems having two or 
more different voltages it is necessary to express all 
the reactances in terms of one voltage and as the 
reactance of most apparatus is expressed in terms of 
percentage which is independent of voltage, and as line 
reactance in ohms can be easily converted into a 
percentage basis, the percentage method is generally 
preferred. 

This method is described in an article by H. R. Wilson 
on page 475 of the G. E. Review for June 1916, in an 
article by W. W. Lewis, page 140, G. EH. Review of 
February 1919, and in the article on “Rating and Selec- 


5,000 Kv... 12,500 Kv.-a. 
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Fig. 19—Layour ASSUMED TO ILLUSTRATE CALCULATION 
or SHortT-CircuiT CuRRENT 


tion of Oil Circuit Breakers’’ by Messrs. Hewlett, 
Mahoney and Burnham on page 123, TRANSACTIONS 
OL cAs IBA E1918. 

A brief description of this method is.as follows: 

All reactance of generators, lines, transformers, 
reactance coils and other apparatus is expressed as 
per cent reactance at a common kv-a. base, arbitrarily 
selected. The various reactances are converted up 
or down as the case may be, to this base. The com- 
bined reactance from the generator neutrals to the 
point of short circuit is determined and it is assumed 
that the entire voltage of the generators is used between 
these two points. Then 

1. Instantaneous kvy-a. 


kv-a. base 
reactance to point of fault 


Example. With the layout given in Fig. 19 the 
calculations are as follows: 
Line (1)—85,300 ft. 
Spacing 24 x 24 x 34S = 27in. 
Reactance per 1000 ft. = 0.1191 ohms 
Total ohms reactance = 4.2 : 
Per cent reactance on 10,000 kv-a. base = 6.0 
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In the same manner: 


Per cent 
reactance on 
Spacing Ohms 10,000 kvy-a. 
Length inches reactance base 
Line (2)... 34,000 ft. 24 x 40 X 64 4.12 5.9 
(3)... 56,000 ft. 24 X 24 X 34 6.70 9.6 
(AD ct 19,900 ft. 24 X 24 XK 34 2.37 3.4 
(pan 33,400 ft. 24 x 40 X 64 4.04 5.8 
REACTANCE OF APPARATUS 
Per cent 
reactance on 
Per cent 10,000 ky-a. 
Apparatus Ky-a. rating Reactance base 
Generator No.1...... 5000 5 10.0 
ob FE DE a, 12500 12 9.6 
Transformer“ 1...... 11500 5.75 5.0 
z Slots. ie 11500 5.75 5.0 


2. Reactance of the two generators in parallel 
= 1/10-4+ 1/9.6 = 1/X X = 4.9 per cent 

8. Reactance of the two transformers 

1/5 +1/5 =1/X X = 2.5 per cent 
4. Reactance of Lines 1 and 2 in parallel 

1/6 + 1/5.9 = 1/X X = 2.98 per cent 
5. Reactance of Line 3 + Line 4 

9.6 + 3.4 = 18. 0 per cent 
6. Reactance of (4) + Line 5 

2.98 + 5.8 = 8.78 per cent 
7. Reactance of (5) in parallel with (6) 


1 


13.0.1. 8:18 nen 


X = 5.3 per cent 
8. Reactance from Generators to Bus A 
(2) + (8) + (7) = 4.94+2.54+ 5.3 
= 12.7 per cent 
9. Instantaneous. Short-circuit kv-a. 


10000 x 100 


127 = 78800 


From (1).= 
The instantaneous value decreases to the sustained 
short circuit value at a rate depending on the amount 
of reactance, generator characteristics, power factor of 
load on the generator at the time of the fault and other 
factors. Curves plotted from oscillograms taken on 
standard generators showing the current decrease for 
different values of reactance, are given in the paper by 
Messrs. Hewlett, Mahoney and Burnham, “Rating and 
Selection of Oil Circuit Breakers,’ on page 122 of the 
1918 TRANSACTIONS of the A. I. E. E. 


If the short circuit value given above is to be used 
with a relay, intended to operate under these conditions 
in 1.2 seconds, the usual method is to set the relay for 
the current value at the end of the interval. To use 
the decrement curves, it is necessary to use the react- 
ance of the point of short circuit based on the total 
generating capacity. Converting the instantaneous 
short circuit kv-a. (9) to a per cent reactance based on 
the total generating capacity of the system. 
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Per cent reactance at 17500 kv-a. 


_ 17500 
~ 78800 


Referring to the decrement curves for 22.2 per cent 
reactance and 1.2 seconds the number of times full 
load current is found to be 2.52. Therefore, short 
circuit current at 1.2 seconds 


2.52 X gen. kv-a. x 1000 
1.73 x line voltage 


xX 100 = 22.2 per cent. 


2.25 X 17,500 x 1000 
cee ee eee ee eet OO4. amperes 


1.73 X 26,400 
When the system has lines other than in parallel- 
tandem arrangement or is fed by more than one 
generating station, the solution becomes more difficult 
and if the network is complicated, the process becomes 
too tedious to be practical. Simple network solutions 
anne 


All Reactances 
at 10,000 Kv.-a. 


Fig. 20—Typricat Layout AND Srt-Up FoR CALCULATING 
TABLE 


are given in the two references above and methods of 
solving networks are described in articles by R. D. 
Evans and Charles Fortescue on pages 345 and 350 
respectively in the Electric Journal of August 1919. 

Calculating Table. The difficulty in the complete 
mathematical method lies in determining the system 
reactance to the point of short circuit, and the dis- 
tribution of current among the many lines and genera- 
tors. The calculating table covers this step in the 
process. 

The table consists of a number of adjustable rheo- 
stats that are given an arbitrary rating. The original 
table and many built since, have the rheostats rated at 
125 volts and a normal current of 0.2 ampere. The 
rheostats are calibrated and marked with some form 
of scale so that with 125 volts applied across the resist- 
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ance the 0.2 ampere point is 100 per cent reactance, 
the 0.4 ampere point 50 per cent, etc., resistances of 
the value of 500 to 1200 ohms being used giving a 
reactance range from 0 to 80 per cent and 0 to 180 
per cent approximately. Leads enable the resistances 
to be interconnected as the generators and various 
elements of a system. One end of the generator 
rheostat is connected to one side of the 125 volt source 
and the point of short circuit is connected to the other 
side. An ammeter jack in each rheostat circuit allows 
the current to be read with an ammeter. 

The set-up of a more complicated problem is given 
in Fig. 20. 

The ammeter inserted in the negative lead reads 1.7 
amperes and, since 0.2 amperes is equal to 100 per 
cent reactance on the table basis, 1.7/2 = 8.5 times 
the table base in kv-a. The readings for all elements 
are as follows: 


| Generators | Lines 


Total; A 
1.7 |0.56 


B 
0.46 


2 
0.76 


3 
0.396 


4 
0.058 


5 


Actual readings. 0.694/0.068 0.532 


No. of times nor- 


8.5 12.8 12.3 13.47 |0.34 13.8 11.98 10.29 12.66 


It is interesting to note that the flow over line 4, is 
from B towards A. This is directly indicated by the 
ammeter in the table set-up. 

Instantaneous ky-a. = 8.5 X 10,000 = 85,000 

Instantaneous amperes at 13,200 volts = 3720 

Generating capacity = 22,500 

Per cent reactance on generating capacity base 


22500 


~ 85000 


The distribution of the current in any part of the 
network may be determined as follows: 
Current over line 2 
= 3720 X 3.8/8.5 = 1660 amperes 
The remaining part of the calculations and the use 


< 100 = 26.5 per cent. 


‘of the decrement curves are exactly the same as in the 


mathematical solution. 

The original calculating table was described in the 
G. E. review page 901—August 1916. Other tables have 
been described in the G. E. Review of February 1919, 
page 140—August 1920, page 669 and Electric Journal 
August 1919, page 345. The first tables were actually 
in the form of tables, the later ones are in the form of a 
panel or cabinet. 

In the latest boards, the plugging is done with tele- 
phone jacks and cord circuits, which makes a some- 
what more compact arrangement and the leads of each 
rheostat are looped through telephone keys within 
reach of the operator so that the current in any part 
of the table may be read by the pressing of a key, with- 
out “plugging” an ammeter jack in circuit, as was 
necessary in the first designs. 

One of the latest tables built is shown in Figs. 21 and 
225 
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This table was built by the testing department of the 
Commonwealth Edison Company, and consists of an 
oak cabinet, in the lower portion of which are mounted 
60 adjustable rheostats, five on each of twelve panels; 
60 pairs of telephone switchboard cords, connected 


Fig, 21—View or Aa Late DersigN or CaLcuLATING TABLE 


through switch keys to the rheostats; a flush type am- 
meter and voltmeter; a reversing switch and shunt 
selector switch for the ammeter and the main switch for 
the table. On the upper panel are 30 horizontal rows 
of jacks, each row forming a bus, but except for the 
lower two rows not permanently connected -to the 
lower part of the table. The first and second rows are 
the positive and negative buses of the table and are 


Fig. 22—Caxrcunatine Taste Sut Up ror System SHOWN 
IN Fra. 25 


connected to terminal blocks at each end and to the 
voltmeter and the main switch. 

The rheostats each consist of four enameled resist- 
ance units, two of 500 ohms each with 100-ohm taps, 
and two of 50 ohms each with 10-ohm taps. Each 
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rheostat is therefore adjustable from 0 to 1100 ohms in 
steps of 10 ohms. The mounting of the resistance units 
is shown in Fig. 23. 

The switch keys in the circuit of each pair of cords 
and rheostat furnish means for readily connecting these 
circuits to the ammeter bus. A wiring diagram is 
shown in Fig. 24. Only one circuit is shown in this 
diagram, as all the others are similar. 

The arrangement of horizontal busses on the upper 
panel makes unnecessary any crossing of cords. This 


Fig. 23—Resistance Unit oF CALCULATING TABLE SHOWN 
IN Fig. 21 


is a feature possessed by no other table, and is possible 
regardless of the arrangement of the lines or station 
busses represented on the table. More jacks are 
required by this design, but the setting up and working 
of the table are greatly simplified, the chances of mak- 
ing errors greatly reduced, and the set-up is always 


Switchboard Jacks -30 Réws 60 per row 


nen ae a -— 


5 ft 6 in, Flexible w ; 
Cords with Cord rinks 


Switch Key 


Rheostat 


Fie. 24—Diacram or CoNNECTIONS—CALCULATING ‘TABLE 


readily traced or checked. Fig. 22 shows the table set 
up to represent the network in Fig. 25. 

Since the photographs were taken, there have been 
added card holders in each row of jacks, mounted in 
the two vertical blank spaces on the upper panel, 
in which slips may be inserted, giving the names of 
the station or substation for the set-up; also brass dial 
plates for each rheostat, giving the number of the rheo-- 
stat and the number of each step. tories 

A few oR have made tables with fixed -esist- 
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ances, each resistance representing a specific line, 
generator, etc. in the system. Where the elements in 
a system are not numerous and in cases where changes 
are not frequent, this cuts down the cost of the table 
considerably. In one form of a calculating “board”’ 
using fixed resistances, the resistance to the point of 
short circuit is measured by a self-contained Wheat- 
stone bridge. The current distribution may be cal- 
culated by obtaining the potential drops at the various 
points in the network. 

The tables and boards have been found valuable for 
calculating short-circuit currents for the selection of oil 
circuit breakers as the method of calculation is the 
same as described here. The table also forms an easy 
way to determine the size of reactance coils necessary in 
designing station bus layouts, as the resistances repre- 


Generating Station 


KEY 
p TY.- Transformer Vault 
Ty. $5.-Sub-station 


Fie. 25—Diacram or System Set-Up on Tasie 1n Fic. 22 


senting the reactance coils can be varied until the short- 
circuit value is reduced to the amount that the oil 
circuit breakers can safely interrupt. Various schemes 
can be quickly set up and the relative effectiveness of the 
reactors determined. . 

Inasmuch as the use of the table necessitates neg- 
lecting either the resistance or reactance of the various 
system elements, voltage measurements are not accu- 
rate in general. 

The error in neglecting the resistance depends on the 
type of system. Where there are numerous reactance 
coils or transformers between the generators and the 
various substation busses, the error is not appreciable. 
In the article by H. R. Wilson on page 478 of the G. E. 
Review for June 1916, previously referred to as open 
wire system with 13,200-volt and 2300-volt generators, 
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88,000 volt lines and step-up and step-down transform- 
ers, the error between the resistance—reactance 
calculations and the reactance calculations, is 2 per 
cent. In a system where there are no transformers or 
reactance coils this error becomes greater. The mag- 
nitude of this error will depend on the system and a 
study of this condition for a system consisting of cables 
or for a system without reactance coils or transformers, 
should be made to see if the table may be used with a 
fair degree of accuracy. For a complicated network, 
however, the table is practically the only solution, but 
it is well to determine approximately the amount of the 
error. 

The error between the mathematical solution (neg- 
lecting resistance) and the similar table solution varies 
with the number of elements in the set-up and the 
values of reactance used to set the rheostats. Where 
the reactance values were such that the rheostats were 
set well up on the scale, and when there were a number 
of elements in the set-up, the table figures have checked 
the mathematical calculations to 1 per cent or less. 
If possible the table kv-a. base should be changed to 
obtain reactance figures that will bring the rheostat 
pointers well up on the scale, values of 50 per cent or 
more being preferable to 5 to 20 per cent. 

In regard to errors it should be remembered that the 
table figures do not need to be of a high degree of 
accuracy, as there is considerable error in the reactance 
values, especially the open wire figures, and the varia- 
tions in operating conditions are generally so great that 
the errors in the table and those due to neglecting resist- 
ances, are not appreciable. 

In obtaining reactance values on generators from 


' the manufacturers, it is important that the reactance 


obtained be the transient or inherent value and that 
it be applicable to the decrement curves. It is quite 
common to furnish the synchronous or sustained value 
of reactance unless otherwise specified. 

A close study of operating conditions is required to 
determine the generating capacity to be used in the 
calculations, as there is generally a variation of capacity 
during each 24 hours, during the week and during the 
year. 

‘In addition to taking into consideration the variation 
of capacity in stations, it is also necessary to study 
the effect of stations that may be entirely shut down 
during part of a period, only being operated during the 
peak, or in case of emergency. 

A close study of the line operation is also necessary, 
as the relay scheme and operating scheme must go 
hand in hand, for neither can obtain the best results 
independently. One changed method of operation may 
destroy the effectiveness a well-designed relay scheme, 
whereas some other change in operation would result 
in more effective protection. Relays that require 
time and current settings for selectivity cannot always 
be set to meet every possible operating condition. 
Therefore settings that fit the normal conditions and 
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as many of the emergency variable conditions as possible 
should be used. Likewise operation rules cannot 
always be made to fit the relay schemes, but if the 
operators are kept advised as to the field that the 
scheme covers, they will, where possible, pick out 
emergency connections and make other operating 
changes to fit in this field. Also if informed of these 
conditions, when it is necessary to go outside of the 
limit of the relay scheme the operators will know what 
to expect and will be able more quickly to locate any 
trouble or faults. In general, for selective relay pro- 
tection it is best to operate the system with all lines 
in service and to eliminate, insofar as possible, special 
conditions such as split busses. 

Whether it is necessary to take into account the 
synchronous load on the system depends on its relative 
capacity with regard to the total generating capacity. 
Motor-generators and synchronous converters that have 
an interconnected d-c. system tending to keep up their 
speed have a much greater effect than synchronous 
condensers that have only their inertia to attempt to 
maintain their speed. 


RELAY APPLICATION 


Relays are applied to transmission systems in order 
that customers may be given continuous service and 
that the revenue lost by the power company through 
interruptions may be aminimum. Protection supplied, 
to apparatus is of secondary importance and is a field 
which is not covered by this paper, although properly 
designed transmission relay schemes correctly applied 
are a distinct advantage in this respect, as the strains 
on apparatus are reduced by the time limitation 
imposed by the line relays. 

Each relay system and each piece of apparatus 
entering into the make-up of the system has definite 
characteristics and limitations. In a like manner each 
transmission system, and in fact each line making 
up that system, has definite characteristics which dis- 
tinguish it from other lines or systems. Satisfactory 
applications cannot bemade without complete knowledge 
of the characteristics of the protective relays and asso- 
ciated apparatus and of the transmission system and 
lines to which the applications are to be made. Ade- 
quate relay schemes have been condemned through 
the failure of the application engineer to recognize 
and weigh all of the factors involved. In some cases 
difficulty is experienced in isolating or evaluating a 
factor until after an installation ‘is in service, or an 
error is made in application, but careful analysis of 
operating records, supplemented when necessary by 
tests, will reveal the weakness in the scheme or the 
value of the factor which was omitted from considera- 
tion with the result that the installation may then be 
corrected or a more suitable scheme installed. At 
least one case of this type was reported by an operating 
company and subsequent results show that the diag- 
nosis, made after a number of faulty operations, was 
correct. 
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There is a tendency at times, to complicate installa- 
tions by the use of auxiliary devices to make relays 
perform operations which are the functions of the 
operators. The attempt to endow protective relays 
with judgment in addition to the usual function of 
discrimination leads to disastrous results through the 
failure of the auxiliaries to function properly. Main- 


‘tenance charges are high on such installations, relia- 


bility is sacrificed to intricacy, and the service rendered 
is not commensurate with the cost. 

Many relay schemes are, of a necessity, complicated 
but the trend should be toward simplicity and, other 
things being equal, the simplest installation selected. 

One other item which is frequently overlooked is 
the phasing out of installations before cutting into 
service. This work can be done most intelligently 
by the engineer in charge of relay applications, or at 
least under his supervision. One company reports 
that it is its practise to have three independent checks 
on phasing made before cutting an installation into 
service. These checks are made under load conditions, 
first, by the engineer in charge of construction or his 
representative; second, by the testing department; 
and third, by the engineer in charge of protection, or 
his representative. In this way the work of the various 
departments is properly coordinated. 

GENERAL PRACTISE IN RELAY SETTINGS AND TESTS 

Emphasis should be placed upon the necessity of 
having one person in authority to determine what 
current and time settings shall be given to all impor- 
tant relays on the system. The testing and adjusting 
of the relays, after the settings have been determined, 


need not be so centralized but it seems to be the usual 


practise and, as outlined in a preceding paragraph, 
would appear desirable. 

The man who determines the relay settings must be 
in close touch with the operating department so as to 
be acquainted with all of the operating conditions, 
weak spots in the system, such as inadequate circuit 
breakers and lines, and important loads which must 
be given preference when laying out the protective 
scheme. Usually the relay man is a member of the 
engineering department or, less frequently, of the 
operating department. Another method is to handle 
protection of the system through a committee consist- 
ing of one or more members from each of the interested _ 
departments. The personnel of such a committee 
will depend to a great extent upon the organization of 
the company. 

The use of inaccurate current transformers such as 
the low-ratio through or bushing type, may necessi- 
tate special consideration when determining the current 
settings of relays, but after the relays are installed no 
difficulty need be encountered in testing the assembled 
equipment if the method mentioned in the previous 
paper is followed. In this connection, it may be well 
to point out that even with transformers of these types, 
the phase angle error will seldom prevent the use of 
directional relays. : 
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Potential transformers do not, as a rule, enter the 
problem of setting relays except in cases where the 
phase relation between the high-tension line and the 
relay potential bus is shifted 30 degrees by the intro- 
duction of star-delta transformers which may make it 
necessary to adopt some expedient to secure the proper 
phase relation and voltage value for directional relays. 

Practically all circuit breakers now being manufac- 
tured will open the circuit in less than 0.25 second so 
successive relays may be given a time difference of 0.5 
second and thus allow a wide margin of safety. Smaller 
time intervals are being used in a few cases but this 
is not usually advisable unless each circuit breaker 
has been individually calibrated and is given frequent 
inspection. The increasing attention which is being 
given to the problem of automatic sectionalizing is em- 
phasizing the importance of careful adjustment and in- 
spection of the circuit breakers. 

Many companies test their important relays with a 
cycle counter at the time of installation and thereafter 
at intervals of six months or a year depending upon 
the importance of the service and the location of the 
relay. This test is made regardless of the care and 
accuracy of the factory calibration because of the very 
nature of the installation which places considerable 
responsibility on a single piece of apparatus which will 
receive little attention after it is once installed and 
therefore should be thoroughly tested and verified 
before it is placed in service. Furthermore, a test 
of the relay with current makes certain that it is in 
good mechanical condition and if the current is applied 
near the current transformers the condition of the 
wiring is also verified. 


NOTES ON FOREIGN PRACTISE 


A larger proportion of the transmission systems in 
European countries consist of closely spaced conduc- 
tors than is common practise in America, as the density 
of population, relatively short distances and lower 
voltages make this form of transmission more desirable. 
As a result, differential current schemes of protection 
have received more attention and a number of principles 
utilized which are entirely different from those found 
in American practise. 

In England, in particular, more attention seems to 
have been given to differential schemes than any other 
form of relay protective equipment, and the develop- 
ment of over-current and directional relays has lagged 
accordingly. Originally, pilot-wire protection was pre- 
ferred, then split-conductor, and at present the prefer- 
ence seems to be returning to pilot wire. Methods of 
eliminating capacity effects in pilot wires and the rela- 
tively cheaper first cost as compared with the split 
conductor, would account for the reversion. The 
English schemes lead in diversity of principles employed 
for selecting the faulty line but in methods of applica- 
tion and the development of devices, American prac- 
tise seems to be superior. 
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The influence of developments in the art in each 
country is beginning to be felt. in the other country 
and it is to be hoped that some of the basic principles 
established in England will be adopted in America, 
as the English engineers have already adopted some 
of the American schemes. In this connection it is 
interesting to find that one company in the Far East, 
operating under the supervision of an English engineer, 
installed during the recent war, the American adapta- 
tion of the split-conductor scheme for closely spaced 
conductors. The special oil circuit breaker consisting 
of six poles (two in each phase) to clear trouble on 
end faults as used in English practise, was not obtain- 
able, so, after visiting the American installations, the 
modified scheme was adopted consisting of standard 
three pole circuit breakers and end reactors to assist 
in clearing end faults. 


Station Bus 
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Fic. 26—A Typicat DiFFERENTIAL SCHEME as USED IN 
ENGLISH PRACTISE 


Many of the English schemes require the use of special 
conductors and their use is not economically justified 
except in special cases, because of the large capital 
expenditure required to obtain only slightly better 
protection than is obtainable by other and cheaper 
means. Thereare, however, a number of other schemes 
which do not use special conductors and which are 
desirable because of the stability obtainable with 
very low settings. A typical example of this form 
of protection applicable only to outgoing lines is shown 
in the single line diagram, Fig. 26.4 

The relays employed in this scheme are the direc- 
tional current type having a fixed coil and a movable 
coil. Under normal operating conditions the current 
from each transformer circulates through the fixed coil 
of its relay. The moving coil connected to the balance 
lead is not excited. If the faulty line 1, carries the 
greatest current as would be the case in an installation 


4. Automatic Protective Devices for Alternating Current 
System. A. E. McColl. Jour. Inst. of Elec. Eng., July 1920 
page 525. 
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on three parallel lines, the balance of the secondary 
circuit is disturbed, the residual current flowing through 
the balance lead and moving coils in such directions 
as to operate the relay with its fixed coil connected 
to the faulty line and restrain the other relays. The 
greater discrimination obtained by introducing a 
definite restraint upon relays connected to healthy 
lines during abnormal conditions is a principle which 
should be given consideration in this country for both 
transmission line and apparatus protection. 

In other countries also, recognition is being given 
to the advantages of differential protection. In Spain 
there is a transmission system supplying a territory of 
some 16,000 sq. km. (6177.6 sq. mi.) with a load of 
152,700 kw. in 1921 consisting of a network of 110-kv. 
and 25-ky. lines. On the 110-kv. system there are 
nine installations of differentially-connected direc- 
tional relays and two installations of differentially- 
connected over-current relays. In the 25-kv. system 
there are two installations of differentially-connected 
over-current relays. This company is also installing 
ground relays on the 110-kv. lines to obviate difficulties 
which it has experienced with the failure of phase relays 
to operate quickly on ground faults during light load 
periods and at such times as the differential protection 
is inoperative due to a line being out of service. 
ground relays will have very low settings and the com- 
pany states that therelaysare expected to clear grounded 


lines before the fault develops into a short circuit be- ==} + 


tween phases. 


A relay® in which the time element is a function of — 
line voltage has been developed and placed on the mar- — 
ket, an installation being considered on one of the high- —- 


voltage, single-phase systems in Switzerland. These 
relays have a potential coil restraining element, the 
amount of restraint being directly proportional to 
the line distance between the fault and the relay, 
thus, those relays nearest the fault will select the proper 
line as they are subject to the minimum restraint. 


OPERATING RECORDS 


There is one suggestion which may well be empha- 
sized and which followed, will undoubtedly increase 
the value of the work of the committee besides increas- 
ing its efficiency and making the work less burdensome. 
In analyzing the replies from the various reporting 
companies it was found that some were much more 
comprehensive than others. From further analysis 
it became evident that the most difficult ones were 
from companies who apparently did not have any good 
method of keeping a complete record of interruptions 
and relay operations. Companies who keptsuch records 
were able to answer, definitely, questions to which 
others could give only vague replies. This lack of 
definite information was less noticeable in the de- 
scriptions of equipment and schemes than in operating 
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results. This would seem to indicate that each com- 
pany thoroughly investigates the apparatusand schemes 
before installation and keeps a record of the installa- 
tion, but that, in a great many cases, adequate operating 
records are not kept. The engineer in charge of the 
relay system may know, in a general way, the results 
that he is getting from his protective equipment but 
unless a record, giving each detail of operation of 
the apparatus involved, is kept it will be difficult to 
determine the effectiveness and next to impossible to 
make a report showing whether satisfactory results 
are being obtained from any scheme. : 

It has been the experience of some of the largest 
companies in the country that such a record is in- 
valuable in determining the worth of various protective 
schemes and in choosing the method of protecting new 
lines. Since beginning to record and compare operating 
results it has been found possible to determine without 
difficulty the cause for.a great many incorrect operations 
and to increase the efficiency of protection. 


These = t 


It is the operating data which determine the value 
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Fic. 27—SuGcerstep Form ror RECORDING INTERRUPTIONS 
AND REeLAy OPERATIONS 


of any protective scheme and that such data may be 
more easily collected and analyzed, the Protective 
Devices Committee is prompted to suggest a form of 
Interruption Analysis Sheet, as shown in Fig. 27. A 
form similar to this has been used with very satis- 
factory results by several operating companies. 

An examination of this form will show that provi- 
sion is made for recording every detail of the Interrup- 
tion and relay operation. Unusual features which 
cannot conveniently be classified may be entered under 
the heading of ‘““Remarks’”. A sheet is made up for 
each station and a cross index with other stations which 
may be involved can be obtained by referring to them 
under ‘Remarks’. Each incoming and outgoing 
feeder is identified with the type of relay by which it 
is protected, and space is provided for recording and 
conclusions drawn from the analysis; that is, whether 
an interruption may have been caused from faulty relay 
operation, inadequate relay protection or other cause, 
or whether it was unavoidable. 


The form shown is, of course, subject to mod oe. 
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to meet various conditions but it is felt that an 
Interruption Analysis Sheet, embodying these essen- 
tial features will permit the keeping of all the details 
of operating records in a compact and easily comparable 
form. 


It is, therefore, reeommended that operating engi- 
neers give this suggestion serious consideration, as it 
is of greatest importance that the operating companies 
know exactly what results are being obtained in order 
that such schemes as donot give adequate protection 
may be replaced by more effective schemes, thus 
stimulating progress and weeding out such schemes and 
devices as have not proven satisfactory. 


It is to be hoped that the foregoing descriptions of 
schemes and practises in transmission line relay protec- 
tion will result in a clearer understanding among engi- 
neers of the present state of the art. It is the purpose 
of the series of papers on Protective Relays to keep 
operating engineers informed as to what is available 
for meeting each and every operating requirement and 
to keep designing engineers in close touch with the 
problems met in the operating field. In order to ful- 
fill this purpose the Protective. Devices Committee 
must have the full cooperation of both the operating 
and the designing engineers. The cooperation which 
has been given and the interest which has been shown 
in the work have been very gratifying. 


Discussion 


E. R. Stauffacher: 
various relays and the acceptance of this nomenclature by the 
Standards Committee of the A. I. E. E. is a distinet step for- 
ward. Relays are assuming more and more importance in 
their application to central station systems, not only where the 
load is largely concentrated, but where it is spread over a large 
territory covering, for example, one-half of a large state. In 
both eases it is quite necessary that the defective section of such 
a system be localized, even though in some eases it may take a 
couple of days for a patrolman to go over the line which is in 
trouble. The big job is to drop the defective section as soon as 
possible before it upsets the remainder of the system. 

I have referred in a former discussion, to the difference in the 
Pacifie Coast conditions as compared with the eastern conditions 
and I wish to mention now that the lines are quite long in some 
eases; 240 miles in our particular case being the longest line. 
We have only comparatively recently begun the application of 
modern relays to our system, and are just beginning to learn 
something of their fine points as well as their limitations. 

We have a peculiar condition with our 150-ky. Big Creek line. 
Mysterious flashovers occur that are not associated with any 
particular kind of weather, any part of the day, nor any part of 
the night. It appears to be a hopeless task to find a reason for 
the flashovers and to eliminate them, so the next thing to do is to 
get rid of the defective section in our most important trans- 
mission line, even though we have to go counter to the opinion 
of some of the more conservative engineers. It has been decided, 
therefore, that when the line is changed to 220-kv. operation 
that the current balanced method will be used for eliminating 
defective sections. We are only planning to eliminate the first 
defective section. If the first section should go out on account 
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of trouble and the second section should also get into trouble 
later, this second section will not be isolated by relays applied 
to the transmission line, but will be handled by means of a field- 
killing device on the generators at the power house. Current 
flowing to ground will operate certain contact-making ammeters 
which will cause a motor attached to an auxiliary ‘‘trouble” 
rheostat to cut resistance in the generator field as long as current 
is flowing to ground; and as soon as the ground current ceases 
to flow the contact-making ammeter will reverse itscontacts and 
the motor will reverse, bringing the generators up to full voltage. 
Under present conditions, this operation is performed by hand 
and takes an average of approximately 15 seconds to handle a 
flashover. There it not much difficulty in handling a flashover 
manually when one or two power plants only, located two hundred- 
fifty miles away from the load are operating, but when we 
have three, four, and ultimately as many as eight power plants 
attached to one or two transmission lines, it will be necessary to 
have some automatic means of lowering the voltage in case the 
second transmission line gets in trouble. 


Mr. Hester has emphasized the necessity of the manufacturers 
and the operating men getting closer together and has pointed 
out the fact that the operating men misapply a relay occasionally 
and I think that point is very well taken. We, in the west, 
located so far from the large manufacturing companies, find it 
particularly difficult to keep up with the latest applications, so I 
certainly would voice what Mr. Hester says—that a closer co- 
operation between the manufacturing company and the opera- 
ting engineer would help a great deal in securing the best pos- 
sible application of relay protection. 

R. Bailey: I notice, in reading the paper, one thing which 
is emphasized throughout, and that is the tendency to do away 
to a great extent with time settings, working more with the 
balanced condition, where a defective line is removed from the 
system instantly. The elimination of the time delay has the 
disadvantage of causing the circuit breaker to open before the 
short-circuit current can decrease but it seems to me there is a 
good deal to be gained by removing the defective section so 
quickly that the synchronous equipment will not fall out of step. 
In many eases a cable failure may start as a breakdown to ground 
and the use of time delay relays may allow this fault to develop 
into a severe short circuit before the oil circuit breaker opens, 
thus increasing the duty required of the breaker and leading 
possibly to a system disturbance. 

Most of the schemes presented, I believe, are open to the ob- 
jection that they do not protect against the failure of a station 
bus, but it looks to me as if this is not a serious objection, as 
there have not been many eases of bus failure, due no doubt to 
the precautions taken to obtain liberal design and sturdy con- 
struction of busses. 


Most of the differential or current balance schemes are ap- 
plicable where three or four lines are operated ia parallel, but 
where it is a case of operating just two lines in this manner, the 
schemes do not work out very well. This is a real objection 
because on a number of systems it is the practise to operate just 
two lines on the same bus section rather than three or four in 
order to limit short-cireuit currents. While it is true you can 
get better continuity of service with three or four lines in parallel, 
the magnitude of short-circuit currents may prohibit this prac- 
tise. Then, again, the differential scheme usually involves inter- 
connection of transformer secondary leads, which is not in ac- 
cordance with the idea of completely sectionalizing equipment 
to prevent the communication of trouble from one line to another. 

Most substations are provided with double busses, which 
further complicates the application of differential relay protective 
systems, and in some instances make it inadvisable to use a 
scheme of this sort. 

Tn one place in the paper a scheme is suggested which involves 
grounding one phase of the system at the time of a ground on 
another phase of the same line in order to cause the excess current 
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relays to operate. While this will no doubt separate the line 
from the system it may cause a serious disturbance and it would 
therefore appear to be advisable to provide other means for 
isolating such a line. 

In closing I wish to emphasize the need for simplicity of all 
relay protective systems. A number of them which will theoret- 
ically, do the work intended are rather complicated and there- 
fore difficult to keep in condition, resulting possibly in failure 
to function. It is rather unfortunate that in some cases such 
systems are not given more care in the design and installation, 
and in their maintenance afterwards. This condition seems to 
be due to the fact it is not realized that the relay protective 
systems are far more important than the investment involved 
would indicate. 

Paul Ackerman: Relay protection is a wholly defensive 
measure and does not appear to produce any revenue. As a 
result it is usually very difficult to requisition the necessary 
money for such expenditures. Yet there is nothing more im- 
portant than an effective relay protection to assure safety to 
a@ power system and to avoid expensive tie-ups to industries and 
disastrous destruction to power companies’ properties. 

Today, relay engineering is still about in the same stage as 
circuit breaker engineering was some ten years ago. In those 
days the size of a circuit breaker to be chosen and the money to 
be spent was determined by the importance or unimportance of 
the respective new feeder. Today, we fully realize that the oil 
switch to be chosen depends entirely on the main system to which 
the respective feeder will be connected. 

Relay protection is mostly handled in a fashion similar to 
that in which circuit breakers were chosen some years back, 
the feeder to be protected only being considered. Yet an 
effective relay protection is possible only if in each case the 
main system as well as the respective feeder are given careful 
consideration. 

Regarding the differential current schemes described in the 
paper, I am gratified to see that this principle has received general 
consideration within the last few years. 

It was as far back as 1912 when I conceived of the scheme 
illustrated in Fig. 4, and ever since I have been working along 
similar lines despite great opposition. 

The objections then raised were the same as those mentioned 
in the paper, that is, complication of wiring and interconnection 
of current transformer secondaries of different lines. The best 
proof that these objections are not very serious lies in the fact 
that those who raised the greatest objections originally are today 
the most ardent supporters of these protective schemes. 

There is no doubt that all differential current schemes are 
complicated in wiring, but it must be remembered that wiring 
connections are made once only and if properly made are per- 
manent and safe so that no trouble should be experienced from 
this cause. The relays themselves on the other hand, can be 
made of such elementary construction that they are usually 
much safer than the more complicated time-limit over-current 
or directional relays 

The checking of phase relations is usually much simpler and 
more definite on differential current schemes than on directional 
relays. 

The paper mentions also as one objection of the differential 
current scheme the fact that they require several relay contacts 
in series. In this respect, it may be pointed out that no fear 
from this cause need be entertained as long as the relays are of 
simple structure. The best proof of this is to be found in the 
fact that of the several hundred relay actions of the different 
schemes illustrated in Figs. 4 to 7, there is not a single failure 
which could be attributed to this cause. k : 

From my experience, it is usually safer to adopt a scheme with 
simple relays and several contacts in series rather than reduce 
the number of contacts at the expense of a more complicated 
relay. Such complication in the relay structure is invariably 
required if a similar effect is to be obtained. A comparison of 
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Fig. 1 and 7B is an example of this kind. The two schemes are 
fundamentally the same except that Fig. 7 attains the results by 
two relays with the contacts in series to each other whereas in 
Fig. 1 a relay has been developed which requires only one contact, 
combining the two functions cleverly in one relay, thus, however 
complicating the relay structure. 

The paper mentions another drawback of differential current 
schemes being the fact that they are unable to take care of bus 
bar short circuits and that for this purpose additional overload 
protection is required. In this respect I might say that the 
power companies will have to realize that they will never be 
able to obtain a relay which can perform all the required functions 
and accordingly they will have to accustom themselves that 
several different type relays will have to be installed on the same 
switches in order to cover all possible conditions. I might men- 
tion as an example that I have come across cases where I con- 
sidered it essential to install as many as 5 or 6 different types of 
relays on the same line. 

With respect to the various differential current schemes, il- 
lustrated in Figs. 1, 3 and 7 used for doubleline protection, it will 
be noticed that they are based on the same fundamental facts 
but that the means employed are different. 

Schemes shown in Figs. 3 and 7 report provision of blocking of 
the protection of the remaining line after onelinehasopened. 'The 
description for Fig. 1 leaves the impression that no such blocking 
is provided. If such is the case, I would point out that under 
certain conditions where the current setting of the relays must 
be made very low, this omission may lead to trouble. 

It must also be clearly understood that the various differential 
current schemes have certain limitations which have to be kept 
well in mind. 

Open-circuited phases for instance, have the tendency of 
tripping the wrong line unless the relays are set higher than the 
total load fed over the two lines. 

There are also conditions arising where an are sometimes clears 
after one line end has been opened. Under such condition, the 
danger exists again that the other end of the other line may open 
wrongly and thus cause a total interruption. This danger 
exists wherever the recovery current may be heavy and where 
the relays have comparatively low current setting. 

These limitations are of little consequence on underground 
systems where open circuits and self extinction of ares are very 
rare. Also on copper lines where cable breaks are rare or on 
short overhead lines of pin type construction where are extinction 
is less to be feared, little trouble should be experienced with 
differential current protection. 

The conditions are somewhat different on long overhead lines, 
particularly with aluminum cables where breaks are more likely 
to happen, and where are extinction is more pronounced. 

The above is clearly indicated by the fact that the protective 
scheme as per Fig. 7 has given practically 100 per cent effective- 
ness on single line shorts on a 90,000-volt pin type copper line 
whereas the effectiveness seems only to be about 80 per cent on 
some other lines of aluminum and suspension construction, 

Regarding the differential current protection for 3 and more 
lines as illustrated in Figs. 4, 5 and 6, I would like to point out the 
effectiveness and simplicity of this scheme. The simplicity 
lies chiefly in the fact that relays of the simplest type can be used 
and that no blocking relays are required. The wiring, though 
somewhat complicated, can be made fairly simple, particularly 
on 3-feeder protection, especially if scheme 6c is used. The 
scheme adapts itself particularly to underground distribution 
where substations are very often fed over three or more cables. 
In such eases, it is usually very rare that operation is maintained — 
with only two, or one feeder, or under any such condition one is’ 
usually satisfied to have a protection on two feeders which at 
least does not operate wrongly on through short circuit, v 
mostly it may be acceptable to cause an interruption under s 
operating conditions in case of trouble in one of the two ca 

For any such case, this scheme is splendidly adapted 
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decidedly advantageous compared with scheme, Fig. 2, as to 
cost as well as simplicity of relay equipment. 

Regarding the merits of directional relays combined with over- 
current relays, it is quite evident that considerable improvements 
have been made on the directional relays, making them operative 
down to very low voltage. Modern connections also leave the 
directional relay effective on single-phase shorts. Still the facts 
remain that the arrangement should be used cautiously and 
reluctantly on higher voltage systems, and particularly overhead 
lines since under such conditions single-phase short circuits 
often develop rapidly into three-phase short circuits, thus 
making the action of the directional relay doubtful unless the 
arrangement is such that sufficient voltage is left on the relays 
to operate effectively. 

No doubt for certain conditions there are no other means 
available at the present time. The best proof of the limitation 
of this principle, however, can be seen in the fact that the dif- 
ferential current schemes have been able to make such rapid 
headway within the past few years. 

Regarding the split-conductor principle and the pilot wire 
principle, I must confess that I have no sympathy with these 
principles as far as their application for transmission and dis- 
tribution lines are concerned, except possibly for very short 
runs. 

Both principles in themselves are ideal in view of the fact of 
clearing both ends of the faulty apparatus simultaneously. 
For generator and transformer protection they are ideal and 
deserve more general use. 

For line protection, however, the complication, the hazard and 
the cost are becoming excessive as soon as the lines or cables 
exceed one mile in length and it is my firm belief that under such 
conditions they are not able to compete with the differential 
current schemes, with the exception of very special cases. 

The advantage claimed for the split-conductor and pilot wire 
scheme of having no interconnection between adjacent lines is 
in my opinion far more than counteracted by the complication 
and hazard introduced in the split-conductor cable and in the 
pilot wires respectively. 

It is also claimed that the split-conductor or pilot wire schemes 
are able to limit the damage on cables and the effect of the dis- 
turbance on the system because they are supposed to clear the 
fault before a complete breakdown has occurred. I believe that 
this view is erroneous. I cannot conceive of any fault, after 
having developed sufficient current to operate even the most 
sensitive relay to take longer than 0.3 sec., which is the rupture 
time of the oil switch, until it has completely broken down. 
In my opinion, a dead short circuit is developed within a small 
fraction of a second after any appreciable current has started 
to flow through the fault, so that the short in practically any 
ease should be completely developed before the oil switch had a 
chance to open, even if tripped by the most sensitive relay. The 
limited damage, therefore, in my opinion is caused by the rapid 
clearance of the short by the quick acting breaker but not by 
clearing the short premature to the complete breakdown. 

Very similar results are observed from the action of differential 
current protection; flash-overs on overhead lines, cleared by the 
differential current protection, never damage the insulator suf- 
ficiently to disable the line permanently unless the insulator 
punctures. Cable faults are cleared without undue damage but 
just sufficient to permit detection. 

Split-conductor and pilot wire schemes, therefore, are in no 
way superior to differential current schemes in that respect. 

With respect to the ground selector, I would like to comment 
on one statement of the report. The paper mentions that the 
chief disadvantage of the ground selector would appear to be the 
loss of the advantage of the permanently grounded system. In 
my opinion, the reverse of this statement is rather correct. 

Ungrounded neutral has always been found preferable in many 
respects, chiefly in regard to transformer connection and the 
total number of interruptions. 
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difficulty of locating grounded feeders and the damaging effect 
eaused by lasting grounds. 

The preference given to grounded neutrals is entirely due to a 
desire to overcome the above serious trouble. This is true at 
least for voltages up to 60,000 volts. 

The ground selector performs on the ungrounded system the 
same duty for which the grounded neutral has been introduced 
but with the benefit of being able to retain the advantages ob- 
tained from an ungrounded system. 

The ungrounded system, therefore, equipped with a ground 
selector, combines in my opinion the advantages of the un- 
grounded and grounded system without, however, having any 
of the disadvantages of either system. The results on the 
12,000-volt Torontodistribution show particularly how great a 
number of self-clearing grounds are given a chance to clear with- 
out any disturbance whatever, whereas with a grounded neutral 
each one of the self clearing grounds would have meant a voltage 
disturbance and a partial interruption. 

Regarding the keeping of records on the functioning of relays, 
it cannot sufficiently be emphasized that it is very essential to 
collect as exhaustive information as possible. It is very impor- 
tant, however, to try to obtain the correct information. 

For instance, a total interruption on a double line system pro- 
tected by a double line protection can be caused either by a 
double line short cireuit or by wrong relay action. 

Past experience has made the operating man so suspicious 
of wrong relay actions that he is inclined to dismiss any such 
ease without further investigation by considering it simply a 
wrong relay action, whereas possibly the relays were acting to the 
best of their ability. 

Short circuits across two lines built on the same tower line or 
in close vicinity on the same right-of-way are not as unusual as 
thought. Such possibilities must be given careful consideration 
before blaming the relays. 

On the other hand, each case of wrong relay action must be 
carefully studied to find the reason for such behavior. Only 
thus will it be possible to gradually develop the necessary im- 
provements. 

In closing, I wish to emphasize that we must not be lured into 
the belief that we are about to enter the stage where protective 
schemes are available to cover all the various conditions. On the 
contrary, we have only just started to realize that our old pro- 
tective schemes are obsolete. Much hard work will still have to 
be done to develop the standard of perfection which will be 
required on systems such as the super-power scheme. 

It must also be remembered that the various protective relays 
of a system have to be properly coordinated and that this can 
only be done by having this matter centralized in the hands of 
one man who will be able to concentrate his whole thought on 
this one problem. 

It is also essential that each system be studied on its own merits, 
also each individual problem. To copy other companies’ 
practise, without careful analysis of the fitness to the conditions 
under consideration, may lead to very disastrous results since a 
scheme may be fully effective in one system and a failure in 
another one. The work of the Relay Committee acquainting 
us with different schemes must be accepted with that fact in 
view as otherwise the Committee reports may become misleading. 

E. M. Wood: Possibly you may be interested in a deserip- 
tion of some rather unique features of relay protection we have 
in the Queenston power house. You will notice from Mr. Gaby’s 
paper that we have used the current differential relay system 
to a large extent to protect the busses and other equipment in the 
station. We have found in some other power houses that we 
have trouble quite frequently on the busses and it was considered 
necessary to protect them. 

The scheme which is used can be shown in diagram (See Fig. 1). 
We have this on the generator, on the 12-kv. bus, and high-ten- 
sion bus, and on the transformer bank. The relays used are 
plunger type and give quick operation in order to cut out defect- 
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ive equipment as quickly as possible, and if possible leave the 
rest in. On the outgoing lines, we have the inverse-time over- 
load induction type of relay. It is our intention to use current 
differential protection on parallel outgoing lines to the same 
substation. 

A study of the plant characteristics seemed to indicate that 
there would be a danger, under certain conditions of partial 
rejection of load, that the machines would drift apart. We have 
therefore used inverse-time overload relays between bus sec- 
tions. 


Current 
Transformer 


Section of 
Station Bus. 
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In the ease of the current differential relay there is always a 
certain suspicion that possibly it will operate when it should not. 
In order to overcome that, we have taken considerable pains to 
get current transformers that maintain their ratio. Secondary 
connections between current transformers are kept short and the 
long runs to the control arm carry only the residual current. 

There is also installed a reverse-current relay of the spring 
restrained instantaneous three-element induction type on each 
generator intended to trip out in case of careless synchronizing. 
As our differential groups of current transformers do not include 
the delta bus and low-tension terminals on the transformers we 
have installed a ground relay to trip in case of ground on that 
section of the wiring. To date the relays today have operated 
as they were intended to operate, and have not operated when 
they were not intended to do so. 

R. N. Conwell: In the announcement of this paper the 
statement was made that “relays do not constitute a profitable 
business.” Undoubtedly, the writer of that phase had in mind 
development and manufacture of relays. The question, ‘‘Do 
relays constitute a profitable business for power companies?” 
may be answered just as definitely if accurate interruption and 
relay operation records are kept. 

The question has been answered by one operating company 
and it is hoped that the presentation of the results of the analysis 
by which the answer was obtained, will lead other companies 
to make similar analysis. 

The interruption and relay operation records for a five-year 
period on thirteen typical substations or about 15 per cent of the 
total number of substations in the system were examined and all 
interruptions which were unavoidable or not chargeable to 
relay protection eliminated. These interruptions included those 
due to operating mistakes, failure of oil circuit breakers, bus 
short cireuits, failure of control or excitation sources and similar 
causes. 

The relay protection in 1917 was no better nor worse than that 
to be found on many systems today. “Inténsive relay work in 
the field was started in the spring of 1918. The table shows the 
results of this work. 
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NUMBER OF AVOIDABLE INTERRUPTIONS 


Substation 1917 1918 1919 1920 1921 
A 26 ti 9 4 0 
B 15 6 4 1 0 
1G 8 4 3) 3 0 
D 7 3 1 0 0 
E 17 12 3 1 1 
F 35 37 9 12* 6 
G 26 iG 8 2 0 
H 22 21 fi 10* 2 
I 18 41 9 16* 3 
Ji 23 8 8 6 0 
K 11 0 2 0 0 
L 48 22 5 12* 9 
M 15 3 5 3 0 
Total interruptions...... 270 171 73 70 21 
Total cases of trouble.... 288 302 185 212 130 
Interruptions per case of 
TLOUDIC . or aise sicic .94 aSY4 .39 .3e .16 
Lost: revenue: i... 5. os $8500 $150 
*Increase due to the most severe lightning season in the history of the 
company. 
Capital Expenditure for Improved protection....... $25,000 .00 
Fixed chargeésat£5) %wnrwew nto ob eal Bieadeiee 3,750.00 
Engineering, maintenance and testing......... 4,300 .00 
Annual charge (13 substations)........... $8,050 .00 
Recovered Revenue basis for 1917-1921 figures................- $8350.00 
AMNUAD PONG as50/0,> », jared avates eee dite aaccre Bie cere $300 .00 


On the basis of these figurés, relay installations in this company 
“do constitute a profitable business” for in addition to a small 
eash dividend, they pay a much larger additional dividend in the 
reduction of damage to apparatus and equipment, and the in- 
crease in the good will of actual and prospective customers, by 
insuring continuity of service. 

There is an intéresting point in connection with Mr. Acker- 
man’s discussion on the question of the grounded neutral.- On 
this particular system, which consists of 13,000 and 26,000-volt 
lines, covering quite a considerable territory, the neutral was 
grounded in November 1918, and you will note the decrease 
of the cases with trouble after the grounding of the neutral, I 
think that this decrease is strictly chargeable to the grounding 
of the neutral. 

A. H. Sweetnam: One of the larger central station compa- 
nies has made during the past year rather extensive application 
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of power unidirectional relays. The system so protected, con- ; 
sists largely of multiple lines, supplying a number of substations — 
in series. 
There have been two cases of incorrect operation—that 18, — 
the unidirectional relays in one station have operated when the 
fault (a cable failure) was found beyond the station in which ‘the — 
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one potential transformer fuse was blown resulting in changed 
relation between current and potential in the individual relays. 

To avoid the probability of a repetition of such incorrect 
performance it was suggested to the manufacturer that three 
potential transformers be operated in closed delta with six pri- 
mary fuses. The reply advised that this plan would be entirely 
feasible but that no difficulty would be experienced if a change 
were made to the fuse supplied by this particular manufacturer. 

Notwithstanding this recommendation, the practise of this 
company now contemplates the use of three potential trans- 
formers and six primary fuses. It may be said that with six 
fuses the fatal day is only somewhat deferred, as with one fuse 
blown normal operation will be experienced until the second fuse 
fails. In this case, however, it is the practise to install a pilot 
lamp directly across the secondary of each potential transformer 
and install as. p. s. t. switch in the low-tension delta connection. 
In this way at intervals such as may be considered advisable 
the continuity of primary fuses may be checked. (See Fig. 2.) 

E. P. Peck: One of the biggest sources of trouble or failures 
in the operation of relays that we have experienced was not due 
to the relays themselves but due to the changes in the number of 
generators at the station. In the season of the year when there 
are high water periods most of the load is carried on the water 
power plants, and in the season of low water periods, most of the 
load is carried on the steam plants,—a condition which makes it 
almost impossible to make the proper relay application. This 
month we may be operating through our low period of the day 
with five machines in service in the hydro plant. The relays at 
the station and on the line must be set so that if one line is out 
of service, the other line is perfectly suitable for carrying the 
load without danger of an interruption. Next month, when the 
effect of the extremely high water that some of us have had has 
passed over, we may be operating only one, or at most two, 
generators in the hydro plant with most of the load carried by 
the steam plant. We cannot go over the system and reset all of 
our relays, consequently during cases of trouble our relays may 
not function. We have not had any advice from the relay 
engineers as to what to do to take care of that trouble. 

Quite a number of our relays were set in a waterproof case out 
of doors to save wiring, and on these we had some particularly 
serious cases of relay failure. We found there was a little cor- 
rosion at some critical point, which caused the relay to fail. 
As a result of one or two cases of that kind, we have inaugurated 
a system of testing all relays, wiring and circuit breakers on the 
system that can possibly be tested, every week. Starting at 
twelve o’clock midnight on Saturday we test every circuit 
breaker on the system that can be tripped, by closing the relay 
contacts. That practise has caught a large number of things 
that would have caused trouble. 

Near the end of the paper (Dec. JourRNAL), there is an inter- 
ruption analysissheetformgiven. I suggestthatthename of the 
form be changed. A good many of us are keeping interruption 
analysis records now, and the interruption analysis records are 
very different from relay operation records. I think the better 
heading for that sheet would be ‘relay operating records’’ so 
that the stenographers will not always be pulling out the wrong 
report when you want the relay operating record. 

W. H. Cole: Some four years ago I presented a paper at a 
meeting of the Institute on “The Experience of the Boston 
Edison Company with Balanced Protection,’ including our 
experience since 1913 with split-conductor cables. At that time 
our operating experience was rather limited, but at this date we 


can say that we have had an operating experience with split-- 


conductor cables approximating 600 mile-years. 

Everything brought out in the original paper regarding 
advantages and troubles incident to the use of these cables has 
- been confirmed by more extensive experience in the last four 
years. All the favorable results have been continued. A great 
many of the doubtful relay actions have been cleared up, so 
that they are now considered normal and creditable. 
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As I analyze the situation, the principal disadvantage of split- 
conductor cable, or pilot-wire protection is the. extra cost of 
construction and installation. These costs are admittedly high, 
but by many transmission engineers are considered to be well 
warranted. However, other protective schemes are being ap- 
plied utilizing standard conductor lines with nearly the same 
advantages derived from split-conductor cables or pilot-wire 
schemes. 

One serious objection to the use of split-conductor cables and 
pilot-wire schemes is that more duct space is required, which in 
many eases is vital, particularly in this country where the conduit 
system is standardized.- It is obvious in the one ease that split- 
conductor cables will be larger in diameter for a given capacity 
than standard cables, and in the other case pilot cables require 
duct space for their installation. Both systems of protection 
may be so arranged as to give ideal protection. The remaining 
question is what are they actually worth. The pilot-wire scheme 
has been improved very much in recent years and some of the 
original objections are eliminated, so that it may be said that it is 
coming back into its own, especially where no duct space is re- 
quired, as in foreign practise where the pilot wire is laid in the 
open ground adjacent to the corresponding power cable. 

One of the objections to the split-conductor raised abroad by 
large undertakings is that they usually lay a telephone cable 
with all power cable installations. In making up the telephone 
eable they find it convenient to combine the telephone conductors 
with pilot conductors in one cable, thus accomplishing two re- 
sults with one cable. With the pilot-wire system of protection, 
as improved by Beard & Hunter, the combination of pilot wires 
and telephone wires has brought the total cost down to less than 
the cost of split-conductor construction. It seems that the whole 
question is one of economics, but engineers, who have ever had 
any large experience with split-conductor cables and pilot-wire 
schemes, generally agree that such systems are ideal. 

O. C. Traver: Mr. Ackerman remarked in connection with 
the balanced schemes described for the protection of two parallel 
lines that if one of them should become accidentally open-cir- 
cuited, it would have a tendency to open the other good line. 
While this is true there does not seem to be any material hard- 
ship resulting in practise. Furthermore, I believe the difficulty 
equally true of the other schemes mentioned by Mr. Ackerman 
as well as any balancing scheme when two lines are involved. 
In the same way when three lines are balanced practically any 
of the. schemes described in the paper will properly take care. of 
the matter in substantially the same manner as the one referred 
to by Mr. Ackerman. 

I would like to add a word of caution in regard to the adjust- 
ment of relays used in the protection of systems with compara- 
tively high resistance from neutral to ground. This warning 
is not intended in any way as an alarm, because in many cases 
the system has excellent possibilities. I know, however, that 
in a number of instances where ground current has been limited 
by resistance some of the resulting effects have been overlooked. 
Particularly in those cases where grounding transformers are 
located at some place other than the generating source, the 
intensities of the currents and the directions of power in case of 
grounds are entirely different from those resulting from phase to 
phase shorts. It, therefore, requires in most cases a complete 
separate analysis of the proper current and time settings and a 
very careful check on the question of directional relays. 

H. T. Plumb: We will cite an instance where relays worked 
successfully. Five years ago relays were applied to the princi- 
pal three-phase transmission line in Utah, operating at 130,000 
volts and transmitting power from the plants in Idaho to Salt 
Lake City, 135 miles. Settings for the relays were worked out 
on a calculating table. These settings have not been changed 
in five years and the relays have given practically 100 per cent 
performance. There has been only one failure which is possibly 
chargeable to the relay. This is conclusive proof that these 
relays work. 
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With regard to the remarks of Mr. Stauffacher and his diffi- 
culty with curious short circuits this transmission line of which I 
speak was subject to very peculiar and many short circuits or 
flashovers between conductors. There were various theories 
for these failures. Some thought it might be due to the numerous 
swarms of small flies out of a nearby swamp. Others imagined 
many curious things were the cause of the trouble, but they 
never were sure of the cause. That was nine years ago and the 
trouble has not recurred. The most generally accepted theory 
is that the short circuits were caused by large birds, and that 
these birds did not leave evideace as to what had actually 
happened. It hardly seems possible that birds could receive 
the full line oressure, 130,000 volts, get away with a few 
burned feathers, and never leave anything else behind. In 
any event it seems that experience with the live wires taught 
these big birds how to alight on the towers, and to fold their 
wings so that they will not make a short cireuit. Young birds 
might start the trouble again until they learn to be cautious. 

L. N. Crichton: I would like to emphasize the question of 
simplicity in relay installations. It is easy if you work long 
enough and painstakingly enough to devise a scheme which will 
fit every requirement of a complicated system. But sometimes 
you find you have overlooked something, and other times you 
find that the scheme is so complicated that the men who operate 
it do not maintain it properly. In reading this report, it is 
important to remember that many operatiag companies have 
gotten over the trial period, and they no longer have any trial 


relays. One of the largest operating companies has 342 sections 
of lines protected by carefully designed relay schemes. This 
requires 1845 relays and 644 automatic circuit breakers. Bear 


in mind that this refers only to the devices for automatically 
sectionalizing the network and that these figures do not include 
the devices for protecting apparatus. This extensive relay 
system is justified not only by the improved service rendered, 
but also by the saving in copper which results from the close 
interconnection of feeders. Incidently, this system uses only 
the simplest schemes of relay connections. Now, by way of 
prophecy, the calculating table will become of less importance 
and the more or less laborious calculations now necessary to 
determine the proper relay settings will decrease-as the relay art 
advances. Relays are being developed which will determine 
the location of short ciremts and will operate only when the 
trouble 1s close to them. Elaborate calculations will not be 
necessary since each relay will make its own calculations when 
the trouble oceurs. 

It is possible that a description of such a relay will shortly be 
presented under the auspices of the Relay Sub-Committee. 

W.R. Bullard: The description of the ground selector relay 
scheme of which Fig. 18 is a wiring diagram is particularly 
interesting because of its similarity to the operation of the so- 
called “arcing ground suppressor.” However, the results ac- 
complished by the latter are just the reverse of those described 
in this paper in that the areing ground suppressor ‘s used to 
ground the leg on which the fault occurs (instead of an opposite 
leg.) It therefore suppresses the are and prevents it from pro- 
ducing a short cireuit. Up to the present time the chief applica- 
tion of this type of apparatus has been in connection with distri- 
bution systems. A number of these suppressors are in actual 
use on such systems and have apparently been giving remarkably 
good service for several years. Their main advantage lies in 
their ability to eliminate the occurrence of a large number of 
short circuits and thereby reduce the number of outages. How- 


HESTER, CONWELL, TRAVER AND CRICHTON: 


ever, there is no apparent reason why the same scheme could not 
be applied to transmission. Such application would seem to be 
a more logical one than that of the scheme mentioned in this 
paper, since the effect would be to minimize the disturbances on 
the transmission system instead of deliberately creating them. 

The authors lay particular stress upon the development of 
balanced protection for parallel lines. These schemes have a 
considerable number of advantages, the chief one being that of 
minimizing the necessity for a large number of selective time 
settings. However, one great disadvantage of some of these 
schemes lies in the necessity of keeping all the feeders of a group 
in service to secure the proper operation of the system. I am 
sorry that more space has not been given in this paper to detailed 
description of operating conditions under which these schemes 
have been used, and specific methods of over coming this diffi- 
culty. 

Referring to the various schemes which have been developed 
for ground protection, the chief advantage of this form of pro- 
tection lies in the ability in some eases to use extremely low time 
settings thereby disconnecting the faulty unit before a phase to 
phase short circuit has had time to develop. It is stated in the 
review preceding the paper that the application of these relays 
with regard to current and time settings is based on the same 
principles that apply to relays used for short-circuit protection. 
However, it should be noted that where two or more selective 
time settings are used, the purpose of the special protection is in 
danger of being defeated by the greater time taken to clear the 
fault. It would therefore appear that the only real solution to 
the problem in this case would be the combination of ground 
relays with other more expensive schemes, such as pilot wire and 
other such systems. 

S. W. Mauger: Too little attention was formerly paid to the 
subject of protection of lines both by designers and operators, the 
former not being able to appreciate the requirements, until the 
operators awoke to the necessity of further study and placed the 
condition more clearly before the designers. 

In many eases, relays were simply considered as auxiliary 
devices to cause circuit breakers to open in case of trouble. The 
broad subject of continuity of service was not thought of in con- 
nection with relays which indeed were thought of only as inter- 
rupting continuity. 

Modern relays, although comparatively insignificant in them- 
selves, when properly applied, make it possible to maintain con- 
tinuity of service with stations interconnected to give maximum 
efficiency of conductors. This may result in some eases in the 
saving of thousands of dollars in investment, as the multiplying 
of circuits and the isolating of stations to avoid general shut downs 
is obviated. , 

As a result of the awakening to the real needs which were be- 
coming more and more serious due to expanding systems, the 
manufacturers in cooperation with the operators went into the 
subject intensively and at considerable expense and they are 
now able to furnish relays to meet practically all conditions. 
There is still much work to do on the part of the manufacturers 
but they are alive to this fact. 

Many operating companies are giving the matter serious at- 
tention, but it is feared that there are many more who are not 
and it is hoped that the relay paper under discussion will be 
earnestly studied by all operating companies. I would particu- 
larly stress the matter under the headings of ‘‘The Calculation 
of Short-Cireuit Currents,’ ‘‘Relay Application,’ ‘General 
Practise in Relay Settings and Tests”. and ‘“‘Operating Records.” 
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Power Development on the Colorado River 


And its Relation to Irrigation and Flood Control 
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Review of the Subject.—The Colorado River drains an area 
of 250,000 square miles in the States of Wyoming, Colorado, Utah, 
Nevada and New Mexico, Arizona and California, and in the 
Mexican States of Sonora and Lower California. It is the third 
largest river basin in the United States and is fourth in volume of 
waters. The basin contains some five million acres of irrigable 
land and possibilities for power development exceeding six million 
horse power. 

The upper section of the river to the Utah-Arizona State line 
comprises 40 per cent of the basin, contains one-half of the irrigable 
land, supplies 87 per cent of the annual run-off, and could develop 
some two million horse power. Developments in this section, particu- 
larly storage, are likely to result in conflict between power and 
irrigation. The middle section from the Utah-Arizona line to the 
mouth of the Williams River comprises 35 per cent of the area, 
contains comparatively litile irrigable land and supplies only 7 
per cent of the annual run-off. This section, mainly in deep can- 
yon, has a drop of about 3,000 feet and could produce four million 
horse power. The lower section with 25 per cent of the area of the 
basin has two and a quarter million acres of the best irrigable 
lands, provides 6 per cent of the run-off and has comparatively 
small power resources. 

The most valuable lands in the basin are in the Imperial Valley, 
which, due to the fact that it is below sea-level and that the delta of 
the Colorado is very unstable, is constantly menaced by floods. 
The chief immediate problem on the river is, therefore, flood pro- 
tection for this valley. Such protection can be secured by a storage 
reservoir either at the head or at the foot of the middle section. The 
latter site appears the more immediately available. The upper site 
would, however, afford adequate flood protection and give irrigation 
regulation for many years, and would, in addition, control the 
middle section for power development. The location of the primary 
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NE of the most important and interesting of 
our present day engineering problems is the 
control and development of the Colorado River. 

Its interest and importance arise from the fact that 
it involves the irrigation of millions of acres of land, 
the production of millions of water horse power, and 
the protection from floods of millions of dollars of 
property values, and that it affects the general economic 
interests of seven of our States and two of the states of 
Mexico. It is of interest also in its political relations 
—using this term in its etymological, not its ordinary 
sense. Seven sovereign states claim in the use of the 
waters of the Colorado rights which in the aggregate 
may exceed its possibilities. Its waters can not be 
put to use without the sanction of the states in which 
the use is proposed and without the concurrent sanc- 
tion of the Federal Government which owns the lands 
necessary for such use and which possesses a general 
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storage on the river is an important matter and may determine the 
whole course of power development. 

The rate of power development on the Colorado is a question of 
markets. With the exception of the mining district of Arizona, 
which might absorb 100,000 horse power, there is no present mar- 
ket in the basin sufficient to justify large-scale development. The 
most available outside market is Southern California which ap- 
parently could furnish sufficient demand for the initiation of power 
development on a considerable scale. Extension of such develop- 
ment in the future would involve interconnection, common control, 
and long-distance transmission. 

Applications involving the Colorado and aggregating four and 
one-half million horse power are on file with the Federal Power 
Commission which has suspended action awaiting decisions upon 
collateral matters. The individual states have control over the 
appropriation of waters within their limits. To avoid the danger 
of future interstate litigation over water rights, the Colorado River 
Commission was created under authority of Act of Congress to work 
out a “compact” or “treaty”? between the several States. It has 
not yet reached any conclusions. The stream also is international 
and irrigation rights in Mexico are involved. Finally, there is 
conflict over the question whether development shall be made by 
private capital or by the Government. These various conflicts of 
interests and of agencies are likely to postpone for a considerable 
time the solution of the problem of Colorado River development. 
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control over the river from the fact that it is an in- 
ternational stream. It remains to be seen to what 
extent political considerations will modify engineering 
considerations in the solution of the problem. 

The two main branches of the Colorado rise, the one 
in southwestern Wyoming, the other, in central Colo- 
rado. The length of the river from the headwaters of - 
the Green to the Gulf of California is about 1750 miles. 
Its basin with an area of about 250,000 square miles 
includes practically all of Arizona, nearly one-half of 
Colorado and of Utah, one-fifth of Wyoming and of 
New Mexico, one-tenth of Nevada, and a narrow 
strip in California along the. California-Arizona bound- 
ary. The Imperial Valley in California, though not 
topographically a part of the Colorado basin, should 
also be included because of its dependence upon the 
waters of the river and because of its intimate relation 
to the general problem of river control. Of the area 
of the basin some five million acres, or about one acre 
in 30, appear economically irrigable. Claims, however, 
have been made that there is a much larger amount of 
available irrigable land. The annual run-off of the 
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river at Yuma averages about 18 million acre-feet. 
The average discharge is about 24,000 cubic feet per 
second, with variations from a minimum of 4000 second- 
feet to a maximum of 150,000 second-feet on the main 
river, and to 240,000 second-feet by inclusion of the 
Gila. The steep slope of the river and its large volume 
make it capable of producing some six million water 
horse power, or two-thirds as much as is developed in 
the United States today. 
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THREE MAIN SECTIONS OF RIVER 


A discussion of the general problems of the Colorado 
will be made clearer if we divide the river into three 
sections and consider the characteristics of these 
sections and their relations to each other. (See Fig. 1). 

The upper section from the headwaters to the Utah- 
Arizona line, just below the mouth of the San Juan, 
comprises about 40 per cent of the area of the basin 
and affords about 87 per cent of the total run-off, or 
an average of about 15,000,000 acre-feet per annum. 
In this section are some 2,500,000 acres ofirrigable land, 
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one-half of the estimated total in the basin. It also 
has power possibilities aggregating 2,000,000 horse 
power. In this section, both upon the main stream 
and upon its tributaries, are many favorable reseorvir 
sites by means of which it would be practicable to 
regulate the flow of streams for irrigation within the 
section, or for power development both within the 
section and outside, or, if desirable, for flood control 
on the lower river. In so far as the tributaries are 
involved, these several uses would conflict to a con- 
siderable degree and only a careful study of the whole 
section could determine the best combination of uses. 
At the lower end of the section is the so-called Glen 
Canyon reservoir site which has an important bear- 
ing on all developments and uses of water below. 

The middle section from the mouth of the San Juan 
to the mouth of the Williams comprises about 35 per 
cent of the area of the basin and supplies about 7 per 
cent of the annual run-off. There are no irrigable 
lands along the river in this section and only some 
250,000 acres on the tributaries, none of which can 
be reached from the main river. In this section, 
however, thereisa total drop of about 3000 feet, capable, 
if fully utilizing the average annual run-off entering 
the section, of producing 4,000,000 horse power. Ex- 
cept for the Boulder Canyon site near the lower end 
of the section, which would have no effect on the greater 
part of this section, there appear to be no storage sites 
capable of providing any considerable amount of 
seasonal storage. Dams erected for power develop- 
ment would be primarily for the purpose of concen- 
trating head and of providing pondage for daily load 
regulation. Seasonal regulation would be dependent 
upon storage in the upper section. 

The lower section from the mouth of the Williams 
River to the Gulf and including the drainage of the 
Gila and the Imperial and Coachella valleys in Cali- 
fornia, comprises some 25 per cent of the total area 
of the basin and furnishes about 6 per cent of the aver- 
age annual run-off. Its power possibilities are rela- 
tively unimportant, but it contains some 2,250,000 
acres of irrigable land, the most fertile and most valu- 
able in the basin, of which a large part is periodically 
endangered by floods. There appear to be no reser- 
voir sites of consequence below Boulder Canyon on 
the main river, but there are such sites on the Gila 
which could be used both for irrigation and for control- 
ling the Gila floods. 

Viewed solely from the physical standpoint, the upper 
section of the basin might have its primary develop- 
ment directed either toward irrigation or toward water 
power; or it might, as it probably will, have a combina- 
tion of these two uses. On the other hand, the middle 
section, with the exception of storage below the mouth 
of the Virgin and of relatively small irrigable areas 
on the tributaries, is suitable only for power develop- 
ment. Equally clearly, the waters reaching the lower 
section should be devoted primarily if not exclusively 
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to irrigation, and the storage sites should be employed 
for irrigation or flood control or both. 


FLOOD CONTROL PROBLEM 


The most immediately pressing problem on the Colo- 
rado River is flood control for the protection of the 
Imperial Valley in California. I shall not attempt, 
however, to discuss it in detail, but merely to present 
certain aspects of that problem in the relation they 
bear to water power and to a general plan of river de- 
velopment. 

The Gulf of California originally extended north- 
westerly into what is now the State of California. 
The silt-laden water of the river gradually formed a 
delta cone extending across the Gulf, cutting off the 
northern end and deflecting the flow of the river to 
the south. The waters inclosed in the northern end 
evaporated leaving the depression known as Imperial 
Valley and the Salton Sea with its surface 250 feet 
below sea level. The silt-formed delta is unstable. 
The river is constantly depositing more sediment and 
shifting its channel back and forth over the flat ridge— 
some 30 feet above sea level—which forms the crest 
of the delta, and there is danger at each flood season 
that it may break northward into the Imperial Valley 
instead of continuing southward into the Gulf. The 
river did break through in 1905 and for more than a 
year and a half discharged into Salton Sea before it was 
turned back with great difficulty and expense into its 
old channel. The levees which were later built to 
protect the valley have several times been awash in 
periods of floods. It is necessary to raise them about 
a foot a year to keep pace with the rise of the river 
channel, and it is only a matter of time until the river 
will break through again unless steps are taken to con- 
trol the floods. The situation is further complicated 
by the fact that the works for protecting the Imperial 
Valley are situated in Mexico. It is this condition of 
affairs which has placed primary emphasis on flood 
control in all plans for the development of the Colorado 
River. 

Flood conditions on the lower Colorado may be 
caused either by high water on the main river or high 
water on the Gila. Flood conditions on the main 
river occur annually in the summer season, due to the 
melting of snows on the headwaters of the streams, 
and continue on the average from two to three months. 
The maximum flood from the main river in the years 
of record, 1902 to 1914, inclusive, has been 150,000 
second-feet. The average mean monthly discharge 
during the three high months of May, June and July, 
for this same period of record has been: May, 42,600; 
June, 73,100; and July, 48,500 second-feet. While the 
floods from the Gila approach in magnitude those of 
the main river, they occur in the winter season, are 
caused by local rains, and are of short duration. Should 
it happen, however, by any combination of circumstances 
that extreme flood conditions on the Gila should coin- 
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cide with similar conditions on the main river, a break 
through into the Imperial Valley would be almost 
inevitable. 

On account of the volume of water involved it 1s 
apparent that protection from Colorado River floods 
can be had only by storage and by storage of large 
capacity. It is also apparent that full immunity from 
flood damages can be had only by storage on the Gila 
as well as storage on the Colorado. Since, however, 
storage on the Gila has only an indirect relation to the 
general problem of the Colorado River, it will be given 
no further consideration here. 

There appear to be three practicable locations for 
flood control reservoirs of the capacity necessary. 
These are on the headwater tributaries, on the main river 
at Glen Canyon, and on the main river at Boulder 
Canyon. Storage on the headwaters would require 


Fig. 2—GuLen Canyon Dam SitpE 
Site of proposed power development at Lees Ferry, Arizona. 


several reservoirs and even though practicable from a 
purely flood-control standpoint, such a plan involves 
at least two serious objections. The operation of 
such reservoirs to meet the needs of the lower river 
would be likely to interfere to a considerable degree 
with the use of the waters for irrigation in the upper 
section and to a less degree for power development, 
depending upon their location and their manner of 
operation. If duplication of investment is to be avoided 
flood control reservoirs must also provide irrigation 
storage for the lower river. To operate for this purpose 
reservoirs located hundreds of miles above the lands 
to be irrigated would be an extremely difficult problem 


and would inevitably result in wastage of water and 


consequently in a storage capacity greater than would 
otherwise be necessary. 

Adequate storage for both flood control and irriga- 
tion could apparently be had at the Glen Canyon 
site at the Utah-Arizona line. (Fig. 2.) From an irri- 
gation standpoint this site presents similar objections, 
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though less in degree, to sites on the headwaters since the 
reservoirs would still be a considerable distance from 
the lands to be irrigated. From a flood-control stand- 
point, however, itappears adequate. Itwouldintercept 
87 per cent of the run-off of the basin, and would 
include every tributary of consequence above the Gila, 
except the Little Colorado. This stream is subject 
only to flash floods and enters the main river so far 
above the Imperial Valley that its floods can not be 
considered as dangerous. Storage at this point is of 
sufficient capacity to provide for power development 
and irrigation as well-as for flood control, and hence 
would not interfere with, but would be a distinct aid 
to power development in the middle section. 
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engineering problems of magnitude. To provide the 
proposed minimum storage capacity of 21,000,000 
acre-feet at Boulder Canyon and an equal amount at 
Glen Canyon will require dams of unprecedented 
height. Preliminary plans propose a masonry dam 
at Boulder Canyon some 530 feet in height above the 
river channel. When it is realized that the river 
channel has a depth of 185 feet below water level, that 
the river flows through a narrow canyon, and that floods 
in excess of 100,000 second-feet are likely to be en- 
countered during construction, the magnitude of the 
engineering problems to be met will be appreciated. 
Detailed investigation, particularly borings, have 
not yet been made of the Glen Canyon site, and the 
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The proposed Boulder Canyon site (Fig. 3) has certain 
distinct advantages over all other sites if considered 
wholly from the standpoint of the flood control and 
irrigation requirements of the Imperial Valley. It is 
comparatively near to the irrigable lands, and opera- 
tion difficulties would be reduced to a minimum. It 
will intercept all floods on the river, except those from 
the Gila. It would even be possible to ameliorate flood 
conditions from the Gila by stopping all discharge from 
the main river while the Gila is in flood. If nothing 
but the flood control and irrigation requirements of 
the Imperial Valley were to be considered, there would 
appear to be no doubt of the superior advantages of 
the Boulder Canyon site. When, however, considera- 
tion is given to the problem of development of the 
river as whole, the situation is by no means so clear. 

Both the Glen Canyon and the Boulder Canyon sites 
are likely eventually to be built, and both present 


type of dam has therefore not been determined. If 
foundation conditions are not more unfavorable, this 
site should from the construction standpoint have 
certain distinct advantages over the Boulder Canyon 
site. The river forms a double loop at the dam 
site, one-half of which is 28,000 feet around but at its 
narrowest parts only 3600 feet across at water level, 
and only 2000 feet at 500 feet above water level. This 
condition provides better opportunity for handling 
water during construction than at Boulder Canyon and 
also affords better opportunity for constructing out- 
let works and spillway independent of the dam by 
carrying the one through and the other over the narrow 
section which separates the two sides of the loop. 


IRRIGATION PROBLEM 


When we consider the relation of irrigation to power 
development we find that only about one acre in thirty 
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in the Colorado basin is irrigable, but that it has power 
resources more than sufficient to meet its needs for 
generations. Since it is likely to require all the agri- 
cultural products that its lands can supply long before 
it Has put to use all its potential water powers, it would 
appear the part of wisdom to dedicate the waters of 
its streams to irrigation to the extent they can be 
efficiently used for such purpose, leaving water-power 
development to take the second place. If reasonably 
conservative practises are followed and all unnecessary 
waste avoided, there appears to be ample water in the 
Colorado and its tributaries to irrigate all lands within 
economic reach of the streams. The problem of water 
supply for such purposes is, therefore, one of equitable 
distribution; and this is the problem which the Colo- 
rado River Commission has been created to solve. 
I shall not discuss it further than to say that, if irriga- 
tion be assumed as the dominant use, there would still 
be opportunity to develop hundreds of thousands of 
horse power in the upper basin under properly 
developed plans and that, from the water which would 
be released from the upper section for the irrigation 
requirements of the lower section, there would still be 
available millions of horse power in the middle section. 

Since there will be no irrigation development in the 
middle section of the river other than the probability 
of the provision of irrigation storage at the lower end 
of the section, and since no water will be withdrawn 
from the river in this section for such purpose, there will 
be no conflict between irrigation and power. In the 
upper section, however, such conflict is certain to 
exist. Not only will water be permanently withdrawn 
from the river, but storage reservoirs can not be fully 
used for both purposes. For this reason, as well as on 
account of the greater volume of water and the greater 
fall, the middle section is the most favorable for power 
development. But power development on the Colo- 
rado, as well as irrigation and flood control, requires 
seasonal storage. This is necessary not only to produce 
a regulated flow, but also, in the canyon section at 
least, to provide a protection against floods, for the 
narrowness of the river channel and the consequent 
restricted spillway length is likely to produce depths 
of discharge in flood season that might seriously restrict 
the height of dams that it would be save to construct. 

On account of topographic conditions sufficient 
capacity for seasonal regulation can not be secured in 
the middle section except at Boulder Canyon, and that 
of course is available only for use at that site or below. 
For the greater part of the section storage must be 
either at the head of the section or in the upper river. 
If it proves feasible of construction, Glen Canyon 
reservoir is peculiarly well adapted for the purpose. 
It is situated at the crest of the steep canyon slope and 
appears to have a capacity sufficient to equate the 
flow of the river over a series of years. 

The fact that this reservoir must eventually be 
built in connection with power developments below 
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and that when built it is likely of itself to solve the 
flood problem of the main river has naturally raised 
the question, why build both Glen Canyon and Boulder 
Canyon, or if both, why build the latter first. The 
construction of Glen Canyon reservoir by eliminating 
flood conditions would make the construction of all 
dams in the river below far easier, cheaper, and safer. 
Nothing which may be done at Boulder Canyon will 
obviate in any degree the eventual necessity for Glen 
Canyon reservoir or reduce the difficulties of other 
construction in the canyon above. On the other hand, 
if Glen Canyon is built, the greater part of Boulder 
Canyon storage—as. storage—would become useless. 
It would seem, therefore, that the prior construction of 
this dam could be justified only on one or both of two 
grounds. Either that the imminence of the peril to 
the Imperial Valley justifies the cost of the Boulder 
Canyon dam even if only temporarily required for 
flood control purposes; or that the cost is justified, 
independently of storage, by the additional power that 
could thus be produced by a dam of the height pro- 
posed. In any event, some storage below the Virgin 
is desirable, if not necessary, even if Glen Canyon 
reservoir is constructed, in order to regulate the water 
at that point to meet immediate irrigation require- 
ments farther down the river. Which reservoir should 
be built first and whether the full capacity of both 
is needed are questions about which there is consider- 
able difference of opinion. I shall only say that there 
appears to be enough doubt to warrant a thorough 
study of the upper site before commitment is made to 
Boulder Canyon, and that in such study due considera- 
tion should be given to power developments in the 
middle section as well as to irrigation and flood control 
on the lower section. I have placed emphasis upon 
this question of the location of primary storage, 
whether at the head or at the foot of the middle sec- 
tion, because it is a factor of great importance in the 
problems of power development and may determine the 
entire course of such development upon the river. 


POWER DEVELOPMENT POSSIBILITIES 


The extent of the interest in the power possibilities 
of the Colorado River (see Figs. 4 and 5) may be judged 
from the fact that there are on file with the Federal 
Power Commission 20 applications affecting the Colo- 
rado River and its tributaries aggregating four and 
one-half million primary horse power and six million 
horse power of estimated installation. It is, however, 
quite apparent that no such amount of power will be 
developed in the near future simply because it could 
not be disposed of. The rate of power development 
on the Colorado is a question of markets. The sites 
at the headwaters will gradually be developed to 
supplement the existing Utah and Colorado power 
systems. When we turn to the middle or canyon sec- 
tion, however, we find that local demands for power 
in this part of the Colorado basin are hardly sufficient 
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to justify at the present time any large-scale develop- 
ment. The mining market of central Arizona probably 
would justify an initial development of some 100,000 
horse power, but to justify large-scale development 
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Fic. 4—Conorapo River Basin SHOWING PossIBLE 
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utilizing any such storage as proposed at either Boulder 
Canyon or Glen Canyon would require that primary 
markets be sought outside the basin, a situation involv- 
ing long-distance high-tension transmission. 
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The only section which at present seems capable of 
furnishing the requisite demand, and the section which 
gives greatest promise of increasing its demand in the 
near future, is the southern half of the State of Cali- 
fornia. Notwithstanding the great power resources of 
that state, objection is already being raised against the 
diversion southward of the electric energy generated 
from the waters of the central and northern sections of 
the state. With the continued depletion of its oil 
reserves and with increasing industrial and agricultural 
development, the time appears not far distant when 
California, should it maintain its present growth of 
power demand, would be required to go outside its 
boundaries for new sources of power, even if economic 
considerations did not lead it to do so at a much earlier 
date. 
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- Showing location of projects on file with the Federal Power Commission. 
Nos. 158, 165 and 279, Utah Power and Light Company 
No, 202, Green River Power Company 
No. 263, W. J. Barker 
Nos. 111 and 258, Southern California Edison Company 
No. 121, J. B. Girand 
No. 238, City of Los Angeles 
No. 30, Beckman & Linden Engineering Corporation 


The development of power in the basin of the Colo- 
rado for use outside will, however, be an advantage, 
not a disadvantage, to the people and the industries 
within the basin. The potential power available is 
more than the basin itself is ever likely to require. 
If power is developed on such a scale and at such a cost 
that it can be economically delivered in large quantities, 


hundreds of miles from the point of generation, it can — 


be economically delivered near at hand in smaller 


quantities, and this fact, if the power is developed - 


under proper auspices, would result in the extension 
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of facilities to existing local markets and in the develop- 
ment of new ones; for the most complete disposition 
of its products is the ultimate object of power develop- 
ment. The mining areas within the basin, the railroads 
which traverse it, the towns within it and along its 
margin, all would be sought out as users of power once 
development were made and the main transmission 
system established. Distribution of power through- 
out a sparsely settled area is, however, likely to be 
attempted only through extensions from a transmission 
network constructed primarily to serve other and more 
extensive markets elsewhere. The states within the 
Colorado basin would never have secured the railroad 
service they now possess had they not been on the main 
routes between the Mississippi Valley and the Pacific 
Coast. They will be in a similarly favorable position 
with respect to electric power service when trunk 
transmission lines are constructed across their terri- 
tories. 

The final factor which determines whether power 
sites can be utilized, the degree to which they may be 
developed, and the distance to which the power may 
be transmitted, is of course, the unit cost of energy 
delivered. To a considerable degree unit costs are less 
‘as quantities increase. Particularly on a stream like 
the Colorado where, irrespective of the size of the pro- 
ject, large preliminary expenses will be involved and 
long and expensive transmission lines will be required, 
large-scale development is likely to prove much cheaper 
in construction costs per unit of available output 
than small-scale development. The extent, therefore, 
to which the water powers of the Colorado are to be de- 
veloped and the degree to which they will be made to 
serve the interests of the Colorado basin itself are likely 
to depend largely, if not primarily, upon whether 
the power is developed in isolated independent units 
or in a system of interconnected plants with a trans- 
mission network extending over the entire territory. 
If development proceeds by independent units, a few 
restricted areas will get the benefit of such part of the 
resources as are developed. If the other plan is followed 
the entire basin and all the adjacent territory may 
share in the benefits. Such a plan, however, can be 
carried out only by agencies whose authority is not 
circumscribed by state lines—agencies in whose own 
interest it will be to extend as widely as possible the 
territory which they serve. Such a plan does not 
necessarily imply either a single ownership, or Govern- 
ment ownership; but it does imply such an interrelation- 
ship, at least, as will insure the operation in one inter- 
connected system of the power developments on the 
Colorado River. 


POLITICAL AND ECONOMIC CONSIDERATIONS 


We come now to a brief consideration of what we 
have called the political relations of the problem. 
Under the provisions of The Federal Water Power Act, 
applicants for license must present evidence of having 
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secured from the state, necessary rights for the diver- 
sion and use of water. It is the general rule of law 
within the Colorado basin that he who first puts the 
waters of a stream to use has a first right in their use. 
On this doctrine of priority of appropriation, extensive 
rights to the use of the waters of the Colorado have 
been acquired on the lower river, for it is that section 
of the river which is being the most rapidly developed. 
The fear has consequently arisen in the states in the 
upper section that, before the time when they can put 
what they believe is their share of the water to use, 
rights to such share will have been acquired on the lower 
river, particularly if power developments utilizing the 
full flow of the stream should be authorized on the 
middle or lower river. Because of this fear and in the 
hope that the matter might be settled without the 
endless interstate litigation that would otherwise be 
almost inevitable, a proposal was made that the 
several states affected enter into a treaty or compact 
by which they should mutually agree on the apportion- 
ment among themselves of the waters of the river. 
Under the provisions of the Constitution, such a 
compact or agreement between states requires the assent 
of Congress. This assent was given by Act of Congress 
of August 19, 1921, which authorized the creation of a 
commission to be composed of one representative from 
each of the seven interested states, who, together 
with a member appointed by. the President, should 
form a Compact Commission, and should report their 
conclusions to Congress on or before January 1, 1923. 

This Commission has been appointed with Secre- 
tary Hoover as the representative of the United States 
and chairman, has held several sessions, but has thus 
far come to no agreement. Under the terms of the 
Act creating the Commission, its authority is limited 
to the determination of an ‘equitable division and 
apportionment” of the waters of the river among the 
states. It has no authority to grant rights_ itself, 
and its powers do not conflict with those of the Federal 
Power Commission or other federal or state agencies. 
Since, however, its conclusions might affect or be 
affected by the approval of applications by the Federal 
Power Commission, action upon such applications has 
been suspended awaiting the conclusions of the Colo- 
rado River Commission. 

There are also international relations involved. 
The Colorado River forms the boundary between 
the southwestern tip of Arizona and the Mexican 
State of Lower California. Below the Arizona line 
it separates Lower California from Sonora. Some 
190,000 acres of land in Mexico are now being irrigated 
from the river, and it is estimated that 630,000 addi- 
tional acres are irrigable, a total of 320,000 acres or 40 
per cent of the irrigable area tributary to the river 
below Boulder Canyon. Under such circumstances 
it is manifest that international comity, if for no other 
reason, requires that this situation be taken fully into 
consideration in any plans of Colorado River develop- 
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ment. In its Preliminary Report on the Problems of 
Imperial Valley and Vicinity of January, 1921, the 
Reclamation Service recommended equitable partici- 
pation by the Mexican Government in the cost of 
storage works, and arrangements with that Govern- 
ment for the construction and maintenance of flood 
protection works on Mexican soil. Such participa- 
tion and arrangements could, of course, be brought 
about only by the concurrent action of the two Govern- 
ments. 


There is also the question of the degree to which 
the United States should itself take part in power or 
other developments along the river. It is argued, 
and with apparent justification, that the cost of flood 
and irrigation storage is greater than the irrigation 
interests alone can bear and that, therefore, the Govern- 
ment should itself construct the works and recoup itself 
by sale of power, some 600,000 horse power of which 
could be developed at Boulder Canyon. Whether 
this arrangement would or would not effect an equitable 
distribution of benefits among irrigators and power 
consumers, I am not prepared to say. 


There are furthermore those who advocate develop- 
ment at Government expense of all the powersalong the 
Colorado River, the distribution of such power by the 
Government at cost, and the prohibition of any de- 
velopment by private capital on the river. This is, 
of course merely an instance of the age-long contest, 
between advocates of public and of private ownership 
and operation. On account, however, of the probability 
that it may be found necessary that the Government 
participate in the development of the river at least to 
the extent of furnishing flood protection, general 
action is unlikely to be taken upon the applications 
before the Federal Power Commission until conclu- 
sions have been reached upon the extent, if any, to 
which the Government should thus participate. 


Finally agreement among the several interested 
agencies should be reached on the general procedure 
and the general plan of development to be followed 
on the river, in order that whatever work is done or 
projects constructed may fit into a scheme for the 
fullest practicable utilization of the river for all uses 
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to which its waters are adapted. There is an apparent 
existing need for additional power in certain sections 
within the basin. The several interested agencies 
should, therefore, reach their conclusions at the earliest 
practicable date so that the present order of suspension 
may be lifted. 


SUMMARY 


The primary elements of a general plan for river 
development appear to be as follows: (1) Storage at 
the headwaters for irrigation in the upper section and 
for such power development in this section as can be 
accomplished without undue interference with irri- 
gation; (2) storage below the San Juan of sufficient 
capacity to control floods and to regulate the water 
available at that point for power use in the middle sec- 
tion; and (3) storage below the Virgin sufficient, at, 
least, for regulation to meet irrigation requirements 
of the lower river and for such additional flood protec- 
tion as may be necessary or desirable. If this or some 
similar plans can be agreed upon, and an equitable 
apportionment of the waters effected, the details of 
the immediate application of the waters of the river to 
their respective uses in the individual sections will be 
greatly simplified, and work may be started on theseries 
of developments upon which the economic progress of 
the whole Southwest primarily depends. 


Discussion 


J. B. Fisken: One thought occurred to me when,I read the 
paper and that is that we now have connection over the Idaho- 
Montana line through to Seattle, Tacoma, and I don’t know 
just how far south, with a break between Tacoma and Portland, 
and some breaks in Oregon; and I don’t think it takes any very 
great imagination to visualize the time when our plants in 
Eastern Washington will run in synchronism with plants on 
the Colorado River. It will not in any sense be transmission 
from Eastern Washington to Southern California, but it will be 
simply an interchange of current, our plants furnishing the load 
as required on the northern end ‘and meeting the western Wash- 
ington plants, the Oregon plants and so forth. 

It is extremely interesting, and as far as I can see, extremely 
complicated. The question of ownership, of the lines, private, 
state or Federal, I think, is involved in this, and I am afraid that 
it is going to take a long time until development will finally take - 
place. 
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Review of the Subject:—The rapid growth in the demand for 
electric power and the increasing distances to which transmission 
is desirable, have constantly forced the use of higher transmission 
voltages. 

The Southern California Edison Company, having two single- 
circuit tower lines 241 miles long from its Big Creek hydroelectric 
plants to near Los Angeles, had the alternative of either duplicating 
these lines or of raising the voltage upon them. The latter procedure 
was found to be vastly the more economical. Other things being 
equal, the amount of power that can be transmitted varying with the 
square of the voltage, and the existing voltage being 150 kv., a doub- 
ling of capacity will result by raising the voltage to 220 kv. 

To avoid the difficulties inherent in changing over generating 
and substations built for the lower voltage, and in which adequate 
clearances would be very difficult to obtain, it was decided to use 
auto-transformers at each such station, transforming between 150 
and 220 kv. Additional sectionalizing switching stations will be 
built in the line, making six in all, so that the rebuilding of the 
line may be done without crippling service, and insulator testing 
can be done at any convenient time. An extension of the line 30 
miles in length will be built so that the completed 220-kv. system 
will be 270 miles long. 

Preparatory to the final design, a considerable amount of in- 
vestigation and research was carried on. The best form of insula- 
tion that would fit existing towers had to be determined, standard 
suspension insulators being preferred over new untried designs. 
Laboratory high-voltage tests of insulation at oscillator frequencies 
of 30,000 and 50,000 cycles and at continuous 60 cycles were 


HE imminent increase of transmission voltage from 
the existing maximum of 165 kv. to 220 kv. has 
been forced by the extremely rapid increase in 

the demand for electric power, which on the one hand 
in certain cases, rendered the acquisition of rights of 
way and building of new lines difficult to effect within 
the allowable time and upon the other, has led to the 
transmission of such large quantities of power over 
long distances, that the higher voltage was required 
to realize the lowest total cost per kilowatt-hour de- 
livered. 

The Southern California Edison Company was con- 
fronted with the problem of doubling the transmission 
capacity from the Big Creek hydroelectric plants to 
the territory surrounding Los Angeles. The solution 
depended upon the conversion of the two existing 
150-kv. tower lines to permit of operation at 220 kv., 
together with such terminal changes as would allow 
existing plants to feed into the lines, substations to 
take power from them, and future extensions to be 
made. 

The general plan decided upon was as follows: 
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undertaken in order to get as much information as possible, all 
such tests being made in dummy towers so as to duplicate actual 
conditions as nearly as possible. 

The next step was to equip 27 miles of one Big Creek line with 
additional insulators and shield rings and carry out field tests. 
This section of line was energized to 280 kv. for one month, and to 
241 kv. for about five months, extending through the greater. part of 
the rainy season. Considerable care was taken to obtain reliable 
measurements of voltage, current and corona losses. 

The results of the laboratory and field tests lead to the firm belief 
that nothing extraordinary will happen with 220-kv. transmission. 
The difference between operation at this voltage and existing voltages 
will be only of degree. There seems to be no pressing need of new 
designs of insulator so that as new designs are developed they may 
be given the acid test of time on unimportant lines where their 
failure will be of small moment. 
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Big Creek No. 1 and No. 2 plants of 32,000 (48,000 
ultimate) and 48,000-kw. capacity respectively will 
remain unaltered, delivering power at 150 kv. to two 
52,500-kv-a. auto-transformer banks installed close 
to each plant. Each auto-transformer bank will have 
sufficient capacity to convert the whole output of its 
respective plant to 220 kv., so that there will be full 
capacity in reserve units. 

Big Creek plant No. 8, of 22,500-kw. capacity, was 
designed and built for 220-kv. operation, but is now 
operating upon 160-kv. taps of 220-kv. transformers. 
Upon completion of the 220-kv. system the transformers 
will be connected for the higher voltage and the plant 
will feed directly into the 220-kv. lines. 

Big Creek No. 3, now under construction, is designed 
for 220-kv. operation. 

The Vestal substation, the first tap off the lines—109 
miles from Big Creek No. 1—will be fed through two 
52,500-kv-a. auto-transformer banks. The present 
terminal substation at Eagle Rock, 241 miles from Big 
Creek No. 1, will have two 110,100-kv-a. auto-trans- 
former banks just outside the station. These sub- 
stations will continue to operate as before, being fed 
at 150 kv. from the auto-transformers. 
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All auto-transformers will be star-connected, solidly 
grounded, with tertiary windings of kilovolt-ampere 
capacity equal to the transformer rating of the auto- 
transformer itself, and with a tertiary reactance of 
from 10 to 18 per cent. 

At present the only switching station in the lines is at 
Magunden, 140 miles from Big Creek No. 1 and 101 
miles from Eagle Rock. Oil switches of 220 kv. will 
be installed here, also at Vestal, permitting sectional- 
izing, cross connecting, or paralleling the two lines at 
either or both stations. Four additional cross-over 
sectionalizing switching stations will be built, equipped 
with air-break switches not intended to break load or 
charging currents but to be used only in separating 
parallel lines. 

It will thus be possible to test insulators without 
having to take out more than 48 miles of one line at 
any one time. 
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This rather extreme amount of sectionalizing was 
considered advisable, as the number of insulators de- 
cided upon, viz. eleven to a suspension string, is about 
the minimum number that will afford satisfactory opera- 
tion, and all the insulators on the lines will be meggered 
at least once a year and any accumulation of bad units 
forestalled. 

Even had these considerations not prevailed, the 
sectionalizing was necessary for the reconstruction of 
the lines for 220 kv., as longer sections could not be 
taken out of service under the existing load conditions 
without undue drop in voltage. 

It is planned to replace some of these air-break cross- 
over switches with oil switches in the future, with a 
view to automatic sectionalizing in cases of line trouble. 
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A 30-mile extension of the Big Creek lines will be 
built from Eagle Rock substation, or nearby, to a new 
substation which will lie east of Los Angeles and will 
deliver power to a rapidly developing industrial section 
of the city. Upon this line where no limitations of 
old construction exist, thirteen suspension units will 
be used. 


In order to obtain better voltage distribution as 
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between the different units in the insulator strings, 
ring shields will be used. All suspension strings will 
have a ring shield, 28 inches outside diameter, around 
the No. 1 unit. At the outer positions on the tower, 
the arcing horns with which the top insulators are now 
equipped will be left in position. The center suspension 
will have the arcing horns removed and a ring substi- 
tuted. 

Dead-end strings will have oval shield rings around 
the No. 1 units of the two parallel strings of which they 
are composed. At the tower end the existing arcing 
horn will remain. 

Tie-down strings will have a shield ring around the 
top No. 1 unit, the numbering convention being to count 
always from the conductor towards the grounded end. 
The shields used at the bottom of suspension top of 
tie-down and line end of dead-end strings will be made 
of cast aluminum alloy. The rings for the top of 
center suspension strings will be of galvanized tire iron. 
All rings are so supported that they will retain their 
normal position relative to the axis of the insulator 
string whatever the inclination to the vertical of the 
latter may be. This material will all be manufactured 
locally. 

For the purposes of voltage regulation all generating 
plants are equipped with Tirrell regulators, mainiatiie 
constant voltage at the generator. 

At Eagle Rock substation will be one 30, 000-kv-a. 
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and two 15,000-kv-a. synchronous condensers which 
are now in operation. Thenew 220-kv. substation east 
of Los Angeles will initially have one 30,000-kv-a. 
condenser and will be so designed that in the future, 
extensions can be made to accommodate three or more 
additional condensers, all condensers regulating for 
constant voltage by Tirrell regulators. 


260 Kv. 
A C 38 


Fig. 2—CoNnNECTIONS OF ENERGIZING TRANSFORMERS AND 
Meters Usep on Fieup TrEsts 


It is calculated that a total condenser capacity of 
180,000 kv-a. will regulate for 240,000 kw. transmitted 
over two lines with zero regulation from generator to 
substation, the power factor of the load being taken at 
0.85 lagging. While there are some theoretical con- 
siderations which render zero voltage regulation very 
attractive, it costs money, and there will be many cases 
where the marked increase in carrying capacity of the 
line, due to a slight drop in voltage from generator to 
substation, will be hard to overlook from an economical 
standpoint. This is a matter of distinguishing be- 
tween feeder transmission lines and high-tension bus- 
bars and no general rules will apply. 

Such calculations as have been made do not indicate 
the advisability of installing condensers at the middle 
point of the line, entirely satisfactory regulation and 
economy of transmission being effected by concentrating 
the condensers at the receiving end. It does not 
therefore seem necessary in this case to distribute 
condensers as has been done for several years past 
upon the Southern California Edison 60-kv. system, 
where, to describe one instance, in the transmission 
from Kern River No. 1 hydroelectric plant to Colton 
substation (a distance of 170 miles) synchronous con- 
densers were installed at 110 and 148 miles from Kern 
River and at the end of the line, affording proper 
voltage regulation at intermediate points of the line 
and reducing line losses. 

_ The 220-kv. oil switches will have a rupturing ca- 
pacity of not less than 1,200,000 kv-a. Disconnecting 


switches for station use will be mounted upon separable 
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post-type insulators. At Big Creek No. 8 these took 
the form of tripod posts, each leg composed of 
14 standard 10-inch suspension disks connected by 
bolted flanges. 

The general diagram of connections is shown in 
Fig. 1. This represents what may be called the first 
unit of 220-ky. transmission. 

The existing clearance to ground upon the Big Creek 
lines is 25 ft. The reconstruction for 220-kv. entails 
the raising of a great percentage of the towers to afford 
a minimum clearance of 30 ft. to ground in all country 
susceptible of cultivation. In mountainous and the 
more inaccessible country, clearances will be estab- 
lished in accordance with rulings of the State Railroad 
Commission. 

The towers will be raised bodily without interference 
with conductors or ground wire, and a structural steel, 
vertical sided extension frame-bolted between them and 
their old foundation anchors, which will not be dis- 
turbed in any way. Among other advantages, -the 
benefit of having old well settled foundations will be 
retained. 


Fig. 3—Tiz-Down Tower 


The general appearance of the tower line with insu- 
lators equipped with shield rings is shown in Fig. 3 
which illustrates a tie-down tower. A dead-end insula- 
tion is depicted in Fig. 4, both illustrations from the 
Electrical World. The rings that will be installed on 
the balance of the lines will differ from those illustrated 
in being only 214 in. instead of 5 in. deep. 
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All this work is scheduled to be accomplished this 
year, so that actual operation at 220 kv. should be 
started quite early in 1923. 


220-Kv. INVESTIGATIONS 


When it was decided that investigations should be 
begun as to the best manner of making the change to 
220 kv., a program was laid out which included: 

1. The effect of shield rings, enlarged conductors, and other 
devices and expedients for improving voltage distribution over 


strings of suspension insulators. 


2. The behavior of strings of various numbers of insulators 


under high-frequency, high-voltage oscillator discharges. 

3. A duplication to a certain extent of the experiments made 
with the oscillator, and such other investigations as were desired, 
using 60-cycle high voltage. 

4. Test under line conditions of the scheme of insulation 
which would be decided upon as a result of the laboratory 
experiments. 

5. As extensive corona tests as were practicable, to deter- 
mine definitely the sufficiency of the existing cables on the Big 
Creek lines. 

6. To note such other matters of practical or academic 
interest as might arise or develop during the tests. 

7. A complete study of line regulation, synchronous con- 
denser capacities required, and the most economical size of 
conductor for new lines. 

8. Tower design, single circuit vs. double circuit towers, 
most economical span, clearance to conductor. 

9. Lightning arresters, ground wires and protective appara- 
tus. 

A committee was formed to carry on the investiga- 
tions including members of the engineering, operating, 
construction and designing departments of the company. 
The various branches of the work were allocated to 
those especially capable of handling them, frequent 
meetings enabling all to keep in touch with the general 
progress. 

The account which follows gives some of the results of 
the labors of this committee. 

Before any laboratory tests or other investigations 
were begun, certain limitations of the insulation problem 
were felt to exist. Firstly, the selected insulation had 
to fit into existing towers which could of course be 
raised, and otherwise modified, but which it was ex- 
tremely undesirable to weaken mechanically; this 
latter restriction practically preventing any increase of 
clearance between conductor and tower being obtained 
by modification of the tower structure. Secondly, it 
was felt.that every effort should be made to utilize 
standard suspension insulators. 

The modern 10-inch suspension insulator has reached 
a high perfection and can be bought of several manu- 
facturers. Several years were required to bring this 
insulator up to its present excellence and to prove it. 
The insulator is an innocent looking little thing, but 
it is doubtful if the manufacturer, and still less the 
user, can always forsee the troubles that may arise 
from making even apparently minor changes in its 
shape. At all events the user cannot be sure that a 
new type will be satisfactory for his purpose until it 
has been tried out for severalyears. It therefore ap- 
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peared logical and to be better business to use the 
standard insulator whose behavior and endurance are 
fairly well-known, predicated always upon satisfactory 
insulation being obtainable rather than to experiment 
with something new. 

This point of view is not to be taken as indicating 
that no further advance in the art of insulator design 
is to be expected, far from it, but it is felt that new 
types should be tried out upon the less important lines. 
Deterioration from age can probably be just as well 
determined upon 60-kv. lines as upon those of 220-kv. 
It is also felt that the operating companies owe it to 
the advancement of the art to afford facilities for trying 
out new designs, but they cannot afford to jeopardize 
important trunk lines in so doing. 


LABORATORY TESTS UPON INSULATION 
Voltage Distribution. As is well-known, the several 
units of our unshielded suspension string of similar 
insulators do not divide the total voltage across the 
string equally between them. This may lead to a 
displacement current discharge across a heavily stressed 


Fig. 4—EREcTING SHIELD RinGs oN Deav-END TowER 


unit if the surface condition of the porcelain is poor 
from dirt and moisture; such a partial failure of the 
string may set up oscillations followed by a string 
flash-over. Whether any such action actually occurs 
in practise is open to question. Efforts to render the 
surface of a string of insulators conducting with salt 
solution have only given negative results in the sense 
that before a non-unit string, normally used at 87 kv. 
to ground, could be made to flash over at as low a 
voltage as double line potential, an amount of conduct- 
ing material had to be deposited upon its surface that 
was many times that found upon insulators in ordinary 


‘service. 


It seems advisable however to equalize this voltage 
to a certain degree as between units in a string. 
Through the kindness of Prof. Harris J. Ryan, a series 
of tests with the high-voltage potentiometer was made 
at Stanford in 1920 and 1921 to determine the quanti- 
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tative effect of shields of various proportions. Typical 
distribution curves are shown in Figs. 5, 6, 7, 8 and 9. 
Practically any desired distribution can be obtained, 
even with strings composed of insulators all of the same 
kind, and further variation and complication is obtain- 
able by mixing units of different internal capacities. 

With all similar units in the string it is difficult to 
obtain a uniform voltage distribution in long strings 
without using very large and expensive shields, and 
suffering an excessive reduction in the flash-over volt- 
age of the whole string. Fortunately, as will be fur- 
ther discussed later, it is actually detrimental to have a 
close approach to uniform distribution and still worse 
to have an inverted distribution with less voltage across 
units near to the line than across others. 

As a firm basis from which to start it was determined 
that the maximum voltage across any unit must not 
exceed that in the existing Big Creek line under normal 
operation at 150 kv. As shown in Fig. 6 this amounts 
to 16.8 kv. when all insulators are good and to 21.5 kv. 
with one bad unit in the string. 


Sanus 
z 2 
= = 
= 
a A 
neGRe 3 Pee 
0 10 20 =e 10 20 
peoene KV. PER UNIT eet KV. PER UNIT. 
A [\rer} 2h 
z FALI 2 
Be ee 
es 127 Kv. to Ground ES 
—————0 10 20 30 
Tl __AWPER UNIT 
aS>— 


TYPICAL VOLTAGE 
DISTRIBUTION WITH 


SHIELD RINGS 


pbb bbbppp) 


i 


30 


0 10 20 

KV. PER UNIT 

Fics. 5 tro 9—Vo.ttrage DistriputTion WITH AND WITHOUT 
SHIELD RINGS 


Tests at Stanford. 


The design of ring finally adopted (See Fig. 10) gives 
a maximum of 17.0 kv. when all insulators are good 
and 20.8 kv. under the worse condition for one bad 
unit. 

It was found that extension downward of the outer 
lip of the inverted U-shaped ring, making the ring 
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twice its original depth, had no measurable effect upon 
the voltage distribution. Similar deepening of the 
inner lip had, however, a noticeable effect in reducing 
still further the voltage across the No. 1 unit. 

The additional cost of deepening the ring in this way 
was considerable which the small effect produced did 
not justify. 
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Fig. 10—Sranparp Big Creek TOWER WITH INSULATION AND 
SHire~tp Rines as Frnatty ADOPTED 


Arc-over. The most instructive test of an insulator 
is its behavior under high voltage up to the point of 
arc-over or flash-over. 

Overstress of particular units and parts of units 
becomes apparent in the dark by the formation of 
corona, and the path taken by the discharge when 
flash-over occurs gives a valuable indication of the likeli- 
hood or otherwise of damage being done to porcelain 
by arc-overs on the line . 

A great number of studies was made with Prof. 
Ryan with oscillator discharges at about 50,000 cycles, 
with Mr. A. O. Austin at 30,000 cycles, and with Mr. 
F. W. Peek, Jr. at 60 cycles. It was thus hoped to 
obtain information upon the behavior of high-frequency 
effects, which may or may not actually occur in the line, 
and also to determine the factor of safety to normal- 
frequency voltages. 

These tests were all made with insulators suspended 
in dummy towers so that the flux distribution might be 
approximately the same as it would be on the line. 

This precaution is necessary, and it may here be 
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emphasized that flash-over tests made under different 
conditions as to grounded insulator supports and ener- 
gized conductors are not comparable for the same insu- 
lator arrangements. 

The path of the discharge with oscillator frequencies 
and blue snappy flash discharges follows quite approxi- 
mately the lines of flux distribution existing just before 


Fig. 11—Fuass-over at 50,000 CycLes 
Test at Stanford. 


discharge occurs. With 60-cycle arc-overs this same 
general direction of the initial discharge is followed, 
the power are which immediately follows is mobile, and 
flashes around with air currents and the reaction due 
to its own field. 

Fig. 11 shows oscillator discharges at 50,000 cycles, 
the top three units of a 12-unit string being short-cir- 
cuited with fine wire. The discharges are seen to 
follow the lines of force in a general way. 


Fie 12—Fuass-Over wits INvertepD U-SHapep RING 
Test at Stanford. 


Figs. 12 and 18 show arrangements identical except 
as to the cross-sectional shape of the shield ring. In 
Fig. 12 the ring has a 9 section, and in Fig. 13 the ring 
is madeof round pipe. It will be noticed that the 
discharges start from the outer lower edge of the ring 
in Fig. 12 and are directed further outward from the 
insulator string than in Fig. 13, where one discharge cas- 
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caded the top three units. These illustrations repre- 
sent 30 closings of the switch in the oscillator circuit. 
At each closing, lasting perhaps one second, the dis- 
charge would usually take place along only one of the 
flashes shown, although occasionally a flash-over would 
split between two or three directions. 


Fic. 13—FLasH-Over with RING oF CrrRcULAR CROSS-SECTION 
Test at Stanford. 


Fig. 14 shows a 30,000-cycle oscillator discharge 
under artificial rain upon an 11-unit string, the voltage, 
as measured by sphere gap, being 451 kv. It may be 
noted that there is no evidence of corona or streamers 
on the insulators. 

In Fig. 15 attention is called to the spark discharge 
to the top of the string following the tubes of force. 


Fig. 14—FLasH-Over IN ARTIFICIAL Rain at 30,000 CyrciEs 
Test at Barberton. 


The insulator string is so long, 13 units, that the ma- 
jority of the discharges goes to the tower braces. The 
absence of corona on the insulators may again be noted. 

Figs. 16 and 17 illustrate the effect of the shield 
ring in directing the are outward from the insulators in 
the case of flash-overs under rain. There is not any 
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lowering of the flash-over value although the arcing 
distance is reduced four inches by the ring. 

Fig. 18 shows a flash over a dead-end string equipped 
with shield ring and arcing horn such as will be used 
on the line. 


Fig. 15—Arc-Over, 13 InNsuLators witH Drrp SHIELD RING 
Test at Pittsfield. 


With both oscillator and 60-cycle discharges there is 
cascading of the string, or some portion of it, at those 
parts where flux reenters the string, or expressed differ- 
ently, where the slope of the voltage distribution 


Fig. 16—Arc-Over IN ARTIFICIAL RAIN, wITH DEEP SHIELD 
RING 
Test at Pittsfield. 


curve changes sign as in Fig. 19. The oscillator seems 
to cause rather more cascading than does 60-cycle 
voltage. 

In Figs. 20 and 21 is summarized a number of 
are-over tests at 60 cycles with different numbers of 
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units in the string. These tests were made with 
different kinds of shield rings placed at various heights 
above the conductor, thus giving different arc-over 
values for the same length of string. Points shown as 
full circles indicate tests where cascading occurred. 
Clear circles are for tests where the arc-over was clear 


ARTIFICIAL Ratn—LowER ARCING 


Horns ONty 
Test At Pittsfield. 


Fig. 17—Arc-Over IN 


of the string. Some tests were made with one or more 
units short-circuited with fine wire to represent bad 
units; in such cases the test is plotted on the chart 
for the number of good units. There is a fairly well 


Fie. 18—Arc Over Dreap-END STRING 
Test at Pittsfield. 


defined line of demarkation between the regions of 
cascading and of clear arc-over, which is interpreted as 
indicating that, for the particular tower arrangement 
used, a certain length of string, or number of units, can 
be forced up to a certain maximum arc-over voltage 
without cascading, but that if, by lowering the shield 
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ring for instance, the flash-over voltage is increased, 
then cascading will occur. The two curves show the 
extent to which the clear arc-over voltage is affected by 
the tower structure surrounding the center conductor, 
as compared with the outer conductor. 


10 Q 
OK. PER-UNIT 


i 


Fig. 19—FnasH-Over at 50,000 Cyctes SHowine CaAscaADING 
IN RELATION TO VOLTAGE DISTRIBUTION 
Test at Stanford. 


The relation between the arcing distance, measured 
in a straight line and not along the path of the dis- 
charge, and voltage is shown in Fig. 22 with, for com- 
parison, the ordinary spark gap curve for points. 

Arc-over under rain conditions will start as a cascade 
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string and flare out away from it, at all events in those 
cases where a gradual diminution in unit voltage duty 
obtains along the string. No quantitative evidence 
has been obtained as to how great a part is borne by 
the outward flux from the string in forcing out the 
are from a wet string, but the tendency is in the right 
direction and should be taken advantage of. Such 
ares over wet strings are shown in Figs. 16 and 17; the 
initial discharge is plainly marked, the whole mass of 
flame not existing all at one time but being a superim- 
posed record of the wanderings of the arc. 

To settle the question as to whether dirt or moderate 
roughness of the surface of the ring would materially 
affect the flash-over value the experiment was tried 
of attaching a pointed piece of wire one-half inch long 
to the ring, the wire sticking out normal to the ring 
surface. No difference| in flash-over value could be 
detected whether the point was in position or not. It 
was concluded that the ordinary roughness of com- 
mercially manufactured articles would be immaterial. 


It has appeared from these studies that in order to 
prevent damage to a string of insulators subjected to 
accidental flash-over, the following points of design 
should be adhered to: 


1. The voltage gradient along the string from conductor to 
grounded support should gradually decrease. 

2. <A shield ring should surround the No. 1 unit so propor- 
tioned that even under rain conditions discharge will start from 
it rather than from the hardware of the first unit. The ring 
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Fig. 21 


Fig. 20 anp 21—Summary or Arc-Over Tests ar 60 Crcius or SuspENSION STRINGS WITH AND WITHOUT SHIELDS 


Characteristic cascading curves—Locke No. 5996 insulator in Big Creek tower. 
Tests at Pittsfield. 


but by a proper proportioning of the shield ring the 
first three or four units can be prevented from cas- 
cading, the initial discharge taking place from the 
ring to the cap of No. 3 or No. 4 unit and then cas- 
cading the rest of the string. With sufficient power 
behind the are, it willalmost instantly leave the insulator 


should be complete so as to permit an are to travel round it 
without crossing into the string. 


3. The cross-sectional shape of the ring should be such 
that an are-over produced by sufficiently high voltage will start 
from a part of the ring where the field of force, or flux, is strongly 
divergent from the insulator string, thus forcing the are well out 
and away from the insulators. The point of origin of the arc-over 
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is controlled by the radius of curvature of the cross-section of 
the ring in its various parts. 


4. A top shield ring is advisable both to prevent an increase 
in voltage gradient over the upper third of the string and also 
to allow of the are traveling around clear of the porcelain. 


FIELD TESTS 


After the conclusion of the laboratory tests a portion 
of the West Big Creek line, 27 miles in length, was cut 
out of regular service, and equipped for high-voltage 
testing on a scale approximating more to actual service 
conditions than could be obtained in any laboratory. 
Some account of the results has appeared in the Elec- 
trical World of February 11th, 1922, with a corrected 
table of coefficients in the May 6th number. 


KILOVOLTS AT ARC OVER 
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Fic. 22—RELATION. BETWEEN CLEARANCE TO GROUND AND 
Arc-Over VOLTAGE AT 60 CrcLEs 


For the sake of convenience and easier reference some 
of the substance of the article will be included here. 

The purpose of the tests was to obtain: 

1. Measurements of corona loss under such atmos- 
pheric conditions as might occur, and the determination 
therefrom of constants for weathered aluminum cables 
of large size. 

2. A determination of the charging current of a 
line equipped with shielding devices and a comparison 
with calculated values. 

3. A study of insulation. 

4. Miscellaneous data. 

The physical constants of the line are: 

Conductors: Steel core aluminum, core 7-strand 
78,500 cir. mils; aluminum strand 605,000 cir. mils; 
diameter 0.96 in.; horizontal construction, spacing 
17 ft. 3 in.; average height above ground 33 ft. 

Ground Wire: 1%-in. steel 7-strand cable. 

Towers: Structural steel. 

Insulators: Cap and pin standard 10-in. suspension. 

Transpositions: None. 

At first two insulators were added only to those sus- 
pension strings where not less than normal clearance to 
ground would remain after so doing, this resulted in 
there being: 

249 Suspension strings of 9 units. 

42 Suspension strings of 11 units. 

348 Dead-end strings of double 13 units. 

48 Tie-down strings of one more unit than the corre- 
sponding suspension. 
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The shield ring was of a slightly different design 
from the one that will be used for the conversion of the 
complete lines but had practically the same electrical 
characteristics. 

It had developed in laboratory tests that an arc-over 
in the central position of the tower would most frequently 
ignore the arcing horns at the top of the insulator string 
and go to the cap of the top unit. It was feared that 
this would endanger this unit and possibly some be- 
low it, so a lighter type of shield ring was installed 
around the top unit of all center position strings. In 
the outer positions the tower structure does not so 
effectively shield the arcing horns, and flash-overs go 
to them. No upper ring was put there and the arc- 
ing horns were left in position. 

The lower end of.all suspensions had shield rings, as 
had the line ends of dead-end strings, horns being left 
at the tower ends of these latter. 

Tie-down strings had rings around their top units, 
the rings being similar to those used at the top of 
center suspensions. 

The line was energized from three 4500-kv-a. 150,000 / 
72,000-volt transformers, having various taps, connec- 
ted in star on the high side with neutral grounded. 
For the first tests the low side was connected in star 
on the 36,000-volt tap and fed from the 64,000-volt 
(nominal) bus at Eagle Rock substation. 

Corona Loss. Realizing that for the results to have 
any value, fairly accurate measurements of voltage and 
power would be necessary, some care was taken in the 
selection and calibration of instruments. 

For the measurement of voltage, taps were brought 
out from the high-tension winding of each transformer 
near the grounded end and the ratio determined of 
the voltage from tap to ground compared with the 
voltage across the whole high-tension winding. This 
was found to be 7.1 kv. to 150 kv. The tap voltage 
was measured in service through 200-watt, 11,000/110- 
volt potential transformers whose only other load was 
the potential coils of Weston wattmeters. 

The voltage between phases was found to be well 
balanced so that ordinarily the voltage from only 
one conductor to ground was read and recorded. 

The load upon the energizing bank of transformers 
not exceeding 7 per cent in kilowatts of their rated 
capacity and being practically constant in kilovolt- 
amperes, voltage readings were taken off the low side 
of the transformers through potential transformers 
for many of the tests, the proper ratio being determined 
by comparison with readings on the voltage tap on 
the high side. The rise of voltage along the line was 
calculated not to exceed 0.3 kv. and was neglected. 

Readings were taken regularly by the switchboard 
attendants to the nearest 0.5 volt on the meter, corres- 
ponding to 1.25 kv. on the line. This lack of precision 
was to some extent compensated for by the number of 
readings, a reading being taken every two hours except 
in rainy weather when hourly records were kept. 
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Power delivered to the line was measured by three 
Weston laboratory wattmeters calibrated, down to 
a power factor of 0.04 leading, against standards in 
the laboratory of the Southern California Edison Com- 
pany, these standards having been previously checked 
by the Bureau of Standards. Checks were also made 
against oscillograph records as detailed later. 


When tests were first planned it was hoped that the 
losses on each conductor would be determined separately ; 
the effect of the different capacities between pairs of 
conductors due to the three conductors being in a 
horizontal plane and conductors and ground, there 
being no transpositions in the line, was overlooked. 
The effect of these capacities is illustrated in Fig. 23 
where AG, BG, CG are the conductor voltages to 
ground andA B, BC,C A, BA, BC,A C arevoltages, 
between conductors representing the relative times at 
which the first letter becomes a positive maximum to 
the second. 


Assume first that there are no losses. Consider the 
conductor A one of the outer conductors; its charging 
current, considered as a condenser to ground is Jac. 
There is also the condenser formed by conductors A 
and B and and A and C respectively, C being the center 
conductor. These have charging currents Iss and Jac 
the resultant linecharging current being Js. Onaccount 
of the capacity A C exceeding that of A B the current 
I, is displaced more than 90 degrees ahead of the 
voltage AG. The wattmeter fed by AG and Ja 
therefore reads backward when connected normally. 
For similar reasons wattmeter B reads forward and 
wattmeter C reads zero, with a circuit symmetrical 
about conductor C the sum of the wattmeter readings 
is zero. 

The effect of losses in the circuits is to reduce the 
negative reading of wattmeter A finally rendering it 
positive in increasing degree as the loss increases. 
Both B and C wattmeters read positive with increase 
of losses, the sum of the three readings being the total 
power. Some considerable knowledge of the various 
circuit capacities is therefore required before the losses 
upon individual conductors can be determined. In 
the present case, including as it does three conductors 
and a ground wire on the one tower line and a similar 
adjacent line, the currents and voltages in the two 
lines having various phase displacements, and the ca- 
pacities varying to some extent with the corona, the 
mathematical solution becomes complicated. 


As a further check upon instrumental and systemic 
errors the instrument potential transformers were 
interchanged, wattmeters were interchanged, phase 
rotation upon the low side of the energizing transfor- 
mers was changed, each of these changes being made 
singly at a time, no readable change in losses was 
effected by interchange of wattmeters or potential 
transformers. 


The effect of changing rotation is given in Table I. 
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TABLE I 
Effect of Phase Rotation upon Wattmeter Readings 
Conductor West Center East Sum of 
Phase G. B A wattmeters 
Wattmeter reading........... —- 6.0; + 0.5] + 6.5 1.0 
PRASOT ov Cause svalaiecete ometeie’s tere cA le B Gg 
Wattmeter reading........... + 6.0 0 — 6.0 0.0 


The positive and negative readings interchange 
with the phase interchange in accordance with the 
vector diagram Fig. 28. The difference of 1.0 in the 
sum of the readings is equivalent to 0.83 kw. per mile 
of conductor; the readings were necessarily taken some 
hours apart. 


CG 


Time Rotation A-C-B 


Fig. 23—Vectror DiaGRAM OF CURRENTS AND VOLTAGES WHEN 
Mererine Corona Losses 


The magnitude of the effect of induction from the 
parallel line was determined roughly by energizing the 
test line from a separate generator, at a slightly lower 
frequency than obtained on the paralleling lines. As 
the phase relation between the two lines changed, the 
wattmeter readings oscillated between minimum and 
maximum readings. The extent of the oscillation is 
given in Table IF as follows: 


TABLE II 
Test for Induction from Parallel Line 
Cc B A A 

Watt- Watt- Watt- 
meter Am- meter Am- meter Am- Ky. to 
Phase | reading | peres | reading | peres | reading | peres | neutral 
Min.. — 4,2 15.5: — 0.2 16.9 3.0 15.0 124.6 
Max.. = 5.0 | 15.6 + 0.2) 17.2 6.0 15.8 124.6 
Min.. = 5.2 VL7TiT — 0.4 | 18.8 4.2 16.8 137.8 
Max.. —- 5.9 17.2 + 0.2 19.0 €.2 17.4 137.3 


The larger swings of the A wattmeter are due to 
its being undamped. Both C and B wattmeters had 
well damped movements. The period of the swings 
was of the order of one or two per second. The maxi- 
mum and minimum readings were not simultaneous in 
the three meters and it is felt that the effect of the 
parallel circuit upon the sum of the three readings was 
very small. 

The practical requirement was to determine the total 
losses and this is given correctly by the sum of the pe 
wattmeter readings. 
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The sensitiveness of the wattmeters was such that 
the sum of the three scale division readings multiplied 
by 26.4 gave the total loss in kilowatts; the routine 
readings were taken to the nearest half a scale division. 

The relative readings of the three wattmeters is 
shown in Figs. 24 and 25, which indicate that the vari- 
ations are according to the theory of the vector dia- 
gram Fig. 23. 

As a still further check upon the wattmeters, though 
it was only a rough one, oscillograph records of voltage 
and current were taken simultaneously with wattmeter 
readings and the curves analyzed, by the eighteen- 
ordinate method, the results being as follows: 

Phase A 
Voltage in kv.: 
200.3 sin (P t — 359° 43’) + 1.31 sin (8 Pt — 168° 13’) 
+3.12sin 6 Pt— 177° 59’) + 0.16 sin (7 P t — 185° O 0’) 
+ 0.27 sin (9 P t — 68° 10’) + 0.38 sin (11 P t — 123° 40’) 
+ 0.16 sin (13 Pt — 71° 33’) + 0.27 sin (15 Pt — 101° 19’) 
+ 0.11 sin (17 Pt — 63° 25’) 
Current in amperes: 
24.82 sin (P t — 274° 29’) + 0.19 sin (3 P t — 339° 27’) 
+ 2.44sin (5 Pt — 86°59’) + 0.38 sin (7 P t — 99° 17’) 
+ 0.01 sin (9 Pt — 89° 57’) + 0.14 sin (11 Pt — 351° 02’) 
+ 0.04 sin (13 Pt — 231° 20’) + 0.04 sin (15 Pt — 101° 19’) 
+ 0.04 sin (17 P t — 189° 28’) 
Power calculated from the above 
Power measured:7.3 X 26.4 
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READINGS IN PHASES “A” AND “B” 


Fic. 24—RenatTioN oF THREE WATTMETER READINGS, 
19.5-Mize Test at 161 Kv. to NeuTRAL 


This is considered a satisfactory agreement when the 
difficulty of measuring oscillograph curves and the 
smallness of the wattmeter reading are taken into 
account. 

I? R losses in the transformer high-tension windings 
and line conductors were calculated. 

From Peek’s formula, after substituting the physical 
constants of the line; the logarithmic mean of the 
three conductor spacings being used: 


0.01263 


a aa ae (€— €)?, also 
@o. = 162.206 M a ; whence 
repre en Bt 
0.01263 
eS 
162.26 
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where M, = Surface irregularity factor and used here 
to include weather effects including 
storm 
é = Voltage to neutral in kv. 
P = Average kw. loss per mile per conductor 
6 = Air density coefficient. 

By the above formula each hourly and two-hourly 
observation was calculated and the corresponding 
value of M, found that would satisfy the quadratic 
equation of loss. 
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Fic. 25—RELATION oF THREE WATTMETER READINGS, 27-MILzE 
Test at 141 Ky. to Neurrau 


The line was energized at around 161 kv. to neutral 
from Sept. 16th, 1921, to Oct. 15th, 1921, when it was 
decided to lower the voltage to about 140 kv. to neutral. 
This was done for two reasons; the noise of the line at 
161 kv. to neutral was annoying to property holders, 
and it was felt that data should be collected at a voltage 
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Fig. 26—V aves or IRREGULARITY Factor CALCULATED FROM 
OBSERVATIONS IN RAINLESS WEATHER 


nearer that at which commercial operation was going 
to be undertaken. 

The selection of 140 kv. was made because its excess 
above the critical disruptive voltage on the test line 
was approximately the same as would exist with com- 
mercial 127 kv. to neutral at the points of highest 
altitude of the whole line. Data from the test line, at 
an average elevation of 1500 feet, would therefore 
correspond to commercial conditions at 220 kv. be- 
tween conductors at between 4000 and 5000 feet. At 
140 ky. to neutral the line was almost noiseless so that 
that voltage was suitable in all respects. 
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TABLE III 
Daily Average Storm Losses at 141 kv. to Neutral 
P 
Loss per Kv. to Critical 
No. of Loss conductor Temp. Bar. neutral voltage Factor 
Date hours Kw-hr per mile deg. cent. cm. e —€0 e eo Mo 
10/20 8 143 0.221 26 Wkiad, 4.1 141.3 137.2 0.900 
21 24 1191 0.612 19 vas ae 6.8 140.0 133.2 0.853 
22 24 1193 0.613 ules 71.9 6.9 140.5 133.6 0.847 
23 12 846 0.870 12 72.0 8.3 141.6 133.3 0.829 
24 20 384 | 0.237 12 72.3 4.3 141.2 136.9 0.849 
11/14 5 183 0.489 14 72.3 6.2 142.3 136.1 0.849 
15 18 584 | 0.401 13 Chik 5.6 141.5 135.9 0.853 
25 6 396 0.815 5 (iP 3a 8.1 142.1 134.0 0.810 
12/17 16 546 0.420 12 72.2 5.7 | 142.2 136.5 0.848 
18 24 6452 3.34 10 TA ee 16.2 143.3 1 47 fl P 0.789 
19 24 11990 6.17 11 72.0 22.0 141.1 119.1 0.739 
20 24 7285 36D 13 G21 LZ a 139.5 122.4 0.764 
21 24 2913 1.50 11 TQ 10.9 139.3 128.4 0.796 
22 24 2827 1.45 @ Ghat TOL 140.1 129.4 0.796 
25 24 3136 1.61 10 ioral 0h 3 137.3 126.0 0.779 
26 14 2127 1.87 12 a2 12h 138.1 126.0 0.783 
27 15 2733 2.25 13 W250 13.3 139.8 126.5 0.785 
1/1 22 5303 | 2.98 14 Fis 152 139.0 123.8 0.778 
2 14 2653 | 2.34 10 71.5 13.5 138.8 12523) 0.780 
6 17 1683 1.22 6 72.3 9.9 143.6 133.7 0.810 
29 24 4885 erst | 2 Le 14.3 140.1 125.8 0.759 
30 24 3690 1.90 5 Aes 12.3 142.2 129.9 0.795 
sil 12 1056 1.09 3 F204 9.4 141.8 132.4 0.797 
2/8 20 3980 2.46 10 72.2 14.0 142.6 128.6 0.792 
9 22 2804 terre 11 72.4 14.2 141.7 130.5 0.805 
10 12 471 .48 11 (Paes 6.2 140.2 134.0 0.826 
11 24 3158 162 10 72.5 ali as 139.7 128.4 0.789 
Total 497 74,612 
Average 1.853 140.8 128.9 


The results for the test upon 1914 miles of line at 
about 161 kv. to neutral are plotted in Fig. 26, including 
one observation upon 12 miles of line at a high tempera- 
ture. 

It will be noted that there is apparently a relation 
between M,, and consequently the loss in the line, and 
temperature, which is not accounted for by the Peek 
formula. Observations taken during different periods 
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Fie. 27—Vauuss or IRREGULARITY Factor CALCULATED FROM 
OBSERVATIONS IN Rainy WEATHER 


of the day are distinguished in the chart with the 
object of determining whether variations of load in the 
adjacent power-carrying line were responsible for the 
variations in M, apparently however they are not. 

These observations were made during all kinds of 
weather with the exception of rain or snow, but include 
clear, cloudy, heavy fog, and misty conditions. 

The value of M, does not seem to depend much upon 
such conditions but varies mainly with temperature, 
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and for the particular conductor experimented upon is 
given by 


M, = 0.00667 (¢ + 111) 
Where ft deg. cent. 

In clear weather no loss was measurable at 140 ky. 
to neutral, the voltage was quite close to the critical 
point as a loss of some few tenths of a kilowatt per mile 
per conductor occurred in cool cloudy weather. 

Storm losses are given in Table III] as average quanti- 
ties taken over each day, the relation these bear to the 
annual average can be gaged by the total precipitation 
during the period registered at Los Angeles which was 
12.60 inches as compared with the annual average of 
15.6 inches. 

The plot of M, with temperature is in Fig. 27, the 
drawn line being the line of Fig. 26 produced. 

The lowest values of M, observed occurred during the 
storms of Dec. 19, 1921 and Jan. 29, 1922. On Dec. 
19th a total precipitation of 3.28 inches for the twenty- 
four hours was recorded at the Weather Bureau’s 
station at San Fernando, close to the line, and not far 
from the middle of its length, and otherwise having 
climatic conditions averaging those along the length 
of the line. 

Hourly readings for this day are given in Table IV 
and indicate the value of M, to be expected under heavy 
precipitation. 

During the storm of January 29, 1922, a snow storm 
covered part of the line for a short time at noon, the 
precipitation recorded in Los Angeles for the hours 
11 a. m. to noon being 0.52 inch. The losses and con- 
stants for the four hours of heaviest loss are given 
in Table V. 
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TABLE IV 
Hourly Storm Losses Dec. 19, 1921 at 141 Kv. to Neutral 
Loss per 
con- 
ductor | Temp. Kv. to | Critical 

Time | permile| deg. Bar. neutral | voltage | Factor 
a.m. P. cent. cm. e€ — 0 e eo Mo 
12:05 57 10 GL ET 21.3 141.6 120.3 0.747 
1:05 2.84 10 (a ee’ 6 14.9 142.6 127.7 0.793 
2:05 3.65 10 TS xh, 16.9 141.6 124.7 0.775 
3:10 4.31 10 ae 18.4 141.6 123.2 0.765 
4:03 7.08 10 Aue) 23.6 141.6 118.0 0.734 
5:10 7.23 10 ik eg 23.8 140.5 116.7 0.725 
6:05 6.92 10.5 71.8 23.3 140.5 117.2 0.731 
7:10 8.05 10.5 71.8 25. 1 139.5 114.4 0.714 
8:20 6.26 10.5 ibe) 22 lk. 140.5 118.4 0.737 
9:00 7.89 11 vi le 24.9 141.6 LL6..% 0.725 
10:15 9.03 11 71.9 26.6 141.6 115.0 0.715 
11:07 9.36 11 71.9 a fal 141.6 114.5 0.712 
12:05 8.05 11 (i239 25.1. 142.6 117.55 0.731 
Aske Thee? 11 71.9 24.6 142.6 118.0 0.733 
3:00 4.47 11 72.0 18.8 141.6 122.8 0.762 
4:10 3.81 11 a2 Lees 139.4 122\.1 0.756 
7:10 2.35 11 ree | 13.6 139.4 125.8 0.780 
8:10 4.85 iit 72.2 Lore 141.6 122.1 0.756 
9:10 3.65 11 72,2 12.3 143.7 131.4 0.813 
10:20 aL 4 i 72.2 24.0 139.4 TS se: SO 7 a9 
11:10 3.65 11 72.2 E70 139.4 122.4 0.758 
12:20 4.31 11 72.2 18.4 137.3 118.9 0.736 

TABLE V 
Storm Loss Jan. 29, 1922 

Time Deg. | Bar 

a.m. P | cent. | cm. |e - & e | €o Mo Weather 

10:15 | 7.89 6 71.5 | 25.1 |139.4] 114.3 |0.701 Rain 

11:00 | 7.85 6 71.4 | 25.0 | 139.4) 114.4 |0.703 Rain 

12:00 | 8.05 6 71.3 | 25.3 | 189.4)]114.1 |0.702 Snow 
1:00! 6.26! 6 | 71.2 | 22.3 |139.41117.110 722 | Rain 


Of interest is the effect upon losses of suddenly 
energizing an idle line during stormy weather. This 
was done during a rain storm, the line having been 
dead for an hour. The readings, which were of only 
relative value, were taken on the switchboard indicating 
wattmeter measuring total input to the low side of 
the energizing transformers and the following readings 
obtained: 


TABLE VI 
Initial Loss on Energizing Line 


Time after closing switch | Wattmeter reading kw. 


0 1150 
15 seconds 700 
30 : 500 
45 xi 400 

1 minute 350 

2 £ 300 


Upon another occasion a reading as high as 2500 kw. 
was obtained on first energizing the line after it had been 
idle for an hour in a rain storm, it being remembered 
that transformer losses are included. 

It is not known where the extreme loss occurs Bae 
most probably it is over insulator surfaces. 

The rapid decrease of loss with time shows to what 
extent the line and insulators dry themselves under 
the influence of leakage current. The quickness of 
the drying—a 50 per cent reduction of loss in 30 sec- 
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onds—would indicate that there is not much to fear from 
strange voltage distribution effects upon insulators due to 
ordinary rain storms, as the effect of leakage current 
is to remedy the trouble; furthermore, the effect of 
wet surfaces is to increase the capacity of the insulators 
and produce a more even voltage distribution between 
them. The wave shape of the impressed voltage upon 


27 MILE LINE ENERGIZED FROM #3 TURBO LBS.P 
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Fig. 28—CuHarGING CURRENT OF EXPERIMENTAL LINE 


the line for the two series of routine tests was approxi- 
mately as follows: 


Series at 161 kv. 140 ky. 
Fundamentalamplitude...... 100.00 100.00 
Mhird harmonies 2059-45 400) 5) 0.66 0.65 
Fifth : 3.62 1.56 
Seventh “ 0.99 0.08 


Ae Te Lessthan 0.4 Lessthan 0.2 


9th to 17th “ 


In addition to the continuous routine tests at approxi- 
mately constant voltages a test on variable voltage 
was run on Oct. 12, 1921. 

The line was energized over connections separate 
from the general system from a 15,000-kv-a. Curtis 
steam turbo-generator. The voltage wave shape was 
extremely close to a sine as evidenced by the wave 
shape of charging current of the line which showed only 
ripples of the 17th harmonic, see Fig. 28. 


TABLE VII 
Corona Test of 1914 Mile Line 
_ Temperature sae; Bar. 72.0 cm. 
| Loss 

Kw. | Corona}per con- 
Time | Kv. to} total Kw. loss ductor 
a.m. |neutral | loss IT? R| kw. |permile| ~ &o £0 M, 

—_+- 

12:50 | 124.6 26.4 8.8 17.6 | 0.301 4.9 119.7 | 0.743 
L205 | 116.2 0 7.3 i a As be. 
1:20 | 133.1 t32 WalOae 3. 1 | 0.053 2.04 | 131.0 |0.813 
1:30 | 139.4 66.0 | 11.4 54.6 | 0.934 8.57 | 130.8 | 0.812 
1:43 | 147.9 | 118.8 | 12.5 | 106.3 | 1.818 | 11.97 | 135.9 |0.844 
1:55 | 155.5 | 264.0 | 14.0 | 250.0 | 4.275 | 18.34 | 137.2 |0.851 
2:05 | 158.5 | 356.3 | 14.8 | 341.5 ' 5.840 | 21.45 | 137.1 10.850 


The results are given in Table VII. Visual corona 
in the span between towers was not in evidence at 139.4 
kv. but was plainly noticeable at 147.9 kv. The visual 
corona point is somewhere between these two values. 

The value of M, calculated from this test is higher 
than would be in accord with the data of Fig. 26 at a 
temperature of 11 deg. cent. This is to be expected 
from the better wave shape of voltage used in the test 
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of Oct. 12th. Assuming 146 kv. to be the critical 
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ining factor the single-phase loss with 283 ky. would 


visual point, the value of M,, the visual irregularity have greatly exceeded the three-phase loss at 245 ky. 


factor can be calculated from Peek’s formula. 


0.301 
= 21.1M,6r (1 ees SS logis: 
Vor 
whence for the constant of the line 
iM. = "0.713 
TABLE VIII 
Single-Phase and Three-Phase Corona Test 
Date Jan. 3, 1922 
Charging ; 
Time Ky. to Loss current 
a.m. neutral kw amperes Circuit arrangement 
8:10 140.5 26.4 18.1 Average Three-phase 
11:00 142.0 13-2 18.5 Single-phase with idle 
11:22 141.2 13:.2 18:5 conductor insulated. 
11:40 141.6 2.6 18.4 , ; 
12:10 139.5 5.2 18.35 | Single-phase with idle 
L215 141.2 10.4 EB By conductor grounded. 
5:00 
p.m.} 142.6 | 0 18.0 Three-phase 


Different observers’ ideas upon visual corona differ 
so that this value may be considered in good accord 
with Peek’s value of 0.72 for local corona. 

To substantiate the form of the formula, which makes 
the corona loss dependent upon the voltage to neutral 
and not upon voltage between conductors, two of the 
energizing transformers were reconnected, with low 


TABLE IX 
Corona Loss at 127 Kv. to Neutral 
Fair Weather 


Temp. 
Altitude| deg. Bar 
fb. cent. cm. é Mo £6 ee, P 
0 25 

500 PAS 74.8 0.984 0.900 143.6 

1000 25 wus 0.964 0.900 140.7 

2000 25 70.6 0.929 0.900 135.6 ;: 

3000 25 67.9 0.893 0.900 130.4 F Se 
4000 25 65.4 0.860 0.900 125.5 1.5 |0.03305 
4500 25 64.2 0.844 0.900 423..2 3.8 |0.2160 
5000 25 63.0 0.829 0.900 121.0 6.0 |0.5485 

Heavy Storm 
500 10 74.0 1.025 0.710 118.1 8.9 |0.976 
1000 10 72.5 1.004 0.710 115.7 i 1.605 
2000 10 70.0 0.970 0.710 nT i ee 15.3 |3.048 
3000 5 67.0 0.931 0.660 99.7 By Sit LOL 
4000 (0) 65.0 0.934 0.650 98.4 28.6 {14.92 
5000 .} —5 62.5 0.914 0.600 89.0 38.0 119.95 
Average taken over whole length of line 3.46 
Average Storm 

500 10 74.0 1.025 0.800 Desc pe 

1000 10 b25 1.004 0.800 130.4 ne ius 
2000 10 70.0 0.970 0.800 125.9 1.1 |0.0156 
3000 5 67.0 0.931 0.774 116.9 10.1 {1.384 
4000 0 65.0 0.934 0.740 ps Be 14.9 |3.002 
5000 —5 62.5 0.914 0.706 104.6 22.4 16.930 


sides in parallel on the same phases and high sides in 
series, middle point grounded, single and three-phase 
losses could be then compared, there being the same 
voltage to neutral in each ease, as follows in Table VIII: 

In both three-phase and single-phase tests the volt- 
age to neutral was only slightly above the critical dis- 
ruptive point with only negligible losses in consequence. 
Had the voltage between conductors been the determ- 


CORONA LOSSES ON LINE AT 220 Ky. 


From the various data accumulated it has been 
possible to estimate what the average annual loss from 
corona will be upon the two complete lines. There 


TABLE X 
Annual Kw-hr. Corona Losses at 127 Kv. to Neutral 


Annual loss per 


Altitude Precipitation conductor per mile 
feet inches Kw-hr. 
2000 20 10 
3000 25 1114 
4000 30 2898 
5000 35 7805 


being considerable variations in altitude above sea 
level, losses have been calculated for different elevations 
at average temperatures for fair weather, heavy storm 
and average storm. The values of My) assumed for 
different weathers and temperatures are believed to 
be conservative. The resulting loss P in kw. per 
conductor per mile are given in Table IX. 

The kw-hr. loss per annum involves not only the 
magnitude of storm losses but the duration of the same. _ 

For want of a better method it has been assumed 
that these losses will be directly proportional to the 
annual precipitation in any locality. This is based 
primarily upon the observed data on the test line where 


16 


4 Heaviest pais over whole Li 
giving values of “P” 
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Fig. 29—Prorite or Bie Creek Ling anp Corona Lossxs 
a total loss of approximately 74,600 kw-hr. occurred 
upon 81 miles of single conductor during an average 
precipitation upon the line of 15.47 inches, or at the 
rate of 4820 kw-hr. per inch. From Table III it is 
seen that this rate of loss corresponded to an average 
loss per conductor per mile of P = 1.85. + 


possible. 
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Expressing the annual kw-hr. loss per conductor per 
mile = P, then 


pests 74,600 X P X P 
oa ts ae Bas 


P is the average storm loss at any altitude as given 
in Table IX. y = Annual precipitation in inches. 

Applying appropriate precipitation data, Table X is 
obtained, giving annual kw-hr. losses at different alti- 
tudes. 

Fig. 29 gives an approximate profile of the Big Creek 
lines together with the constants of Tables LX and X 
applied to it. 

Fair weather losses occur only at 4000 ft. and above 
and are entirely negligible. The heaviest storm losses 
are plotted assuming the whole length of the line to 
be simultaneously involved which is practically im- 
However, under this extreme assumption 
the maximum loss, obtained by integrating the loss 
curve amounts only to 5000 kw. total for both lines; 
2.08 per cent of their rated carrying capacity. 


= 322P x p 


TABLE XI 


Charging Current of Line Equipped with Shield Rings 
Line Energized from System ; 


Mea- 


Voltage sured in 

Length to Changing current amperes per cent 
of line | neutral |— ———_______ — of cal- 
miles ky. A Cc B Avg. culated 
"6 157.1 5.0 ‘apts! 5.2 5.33 109.5 
12 158.65 8.8 ey 9.0 to fei 108.8 
19.5 160.7 15.0 16.0 14.6 25).20 13.87 109.6 
27 140.9 17.98 | 18.92 | 17.59 18.16 16.84 107.8 
27 141.0 17.96 | 18.94 T7a75. HaSs2A. 16.85 108.1 


The annual loss shown by another curve in the same 
figure totals 780,000 kw-hr. At a 50 per cent load 
factor the load transmitted over the lines will be of the 
order 1,000,000,000 kw-hr. per annum. The average 
corona loss is therefore about 0.08 of 1 per cent and at 
higher load factors becomes correspondingly less. 

Practically all of this loss will occur in a distance of 
44 miles. Moderate enlargement of the conductor 
from a diameter of 0.96 in. to 1.05 in. and 1.10 in. 
according to elevation would eliminate this small loss. 


CHARGING CURRENTS 


The charging current of the line was measured by 
Weston ammeters having 25-ampere scales. The 
meters were connected directly in the grounded end of 
the transformer high-tension windings. They were 
correct to within less than 0.1 ampere. 

The calculated current is based upon the logarithmic 
mean spacing of the conductors and exact hyperbolic 
formula, inductance being 


oi 


L = 0.741 log + 0.304 millihenries per mile to 


iti neutral 


and capacity given by 
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“J 
bo 
Or 


0.0388 : é 
Ss slid gle aA microfarad per mile. 


log 5 
: 


In the 7- 12- and 19.5-mile tests Y Y connected 
transformers energized the line and the voltage wave 
shape is responsible for about 2 per cent increase in 
current, leaving on an average 7.3 per cent increase 
over the calculated. In the 27-mile test with delta- 
star transformers the wave shape was more nearly 
sinusoidal and but 0.8 per cent increase is due to har- 


HARGING, CURRENT. 19,5 MILE LINE: C*LINE ALONE ENERGIZED 


163-8 KN EFF 
LINE "C" TO NEUTRAL 


Fic. 30—CuHaAarcine CuRRENT OF A SINGLE CONDUCTOR 


monics leaving a final increase of 7.1 per cent. The 
average for the test upon a separate turbine with prac- 
tically pure sine wave of voltage gives 7.6 per cent 
more than the calculated current. 

It can therefore safely be said that the shield rings 
that will be used, together with the effect of other 
hardware, insulators, ground wire and adjacent paral- 
lel line, will cause an increase in charging current of 
about 714 per cent above values calculated from the 
mean logarithmic spacing of the conductors by the 
above noted formulas. 

TABLE XII 


Charging Currents at 159.5 Kv. to Ground 
19.5 miles of line 


Phase A iG B 
TERT GCP ASG jan. nat iexevapeven Me a crt de rasta 14.80 15.50 15.10 
DE WONCOMEUCUOLS Asc. cee on retereie ater 14.44 Out 13.6 
Out 14.20 14,30 
13.94 14.69 Out 
One*Conductort Si fene. eee sees 13.78 Out Out 
Out 14.40 Out 
Out Out 14.08 


A comparison of the charging current with either 
one, two or three conductors energized, the idle con- 
ductors being insulated from ground, is as follows, 
the voltage to neutral being the same in each case: 

These values of charging current are not directly 
comparable with each other due to wave distortion 
when only one and two conductors are energized. 
They have a practical bearing upon what happens 
when switch contacts fail to operate simultaneously. 
Oscillogram Fig. 80 shows the distortion. 


RESIDUAL CURRENT TO GROUND 


The residual current to ground from the neutral 
connection of the transformers increases with the volt- 
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age. With delta connections such as will be provided 
by auto-transformer tertiaries the residual will be 
chiefly a fifth harmonic superimposed upon a funda- 
mental of induction from the parallel second circuit. 

The fundamental can be greatly reduced by having 
the proper phase relation between the two circuits, 
the best relation giving only approximately one-half 
the current, that will flow when the relative phase 
relations are most unsuitable. 

Neither the test line nor the paralleling power line 
was transposed; transpositions will greatly reduce 
residuals and will be put in both lines before operating 
at 220 kv. 

Peek has showed that grounding the line through 
transformer neutrals at several points along its length 
also reduces the residual. The Big Creek lines will 
be grounded at both ends and the middle, and no 
trouble from ground currents is expected to arise. 


INSULATION 


As the work of installing shields upon the line pro- 
gressed additional sections were energized. 


Sept. 16, 1921 7 miles of line were energized at 275 kv. 
epi 20, LOZ 12. a oe Sel aes 
Sept: 8019201926: 8 Re aes 2 e280) & 
Oot: (20 21921427 re: S tao eS « SATS gt 


During the above time and up to Nov. 25th, 85.6 
per cent of the suspension strings had 9 units, the re- 
mainder 11 units each, standard 10-in. suspension disks 
of cap and pin type being used throughout. 

From Nov. 25, 1921 to Dec. 4, 1921 the line was out of 
service while additional insulators were installed, 
bringing all suspension strings up to eleven units each. 

The line remained energized until Feb. 16, 1922 
when the test had to be discontinued as the energizing 
transformers could no longer be spared for the purpose. 

The first rain of the season came Sept 30, 1921, 
starting with gentle showers and mist and continuing 
thus intermittently throughout the day. At 8.52 p.m. 
the relays upon the 65-kv. side of the transformers 
cut the line out of service. » The line was not put back 
into service until noon of the following day when it 
was switched onto the system at full voltage during 
the rain. No further trouble developed, but two or 
three days later, the cause of the trouble on the 30th 
was found by the patrolman to be a nine-unit suspen- 
sion string which had arced over under about 161 kv. to 
ground. The arc-over was typical, having followed an 
identical path to that observed in laboratory flash-overs 
under artificial rain. It originated on the lower shield 
ring, then jumped to the cap of the No. 3 unit, then to 
No. 4, then jumped clear to No. 7 cap and cascaded 
both No. 8 and No. 9. The porcelain of the top No. 9 
unit was cracked off on one side. This string with 
eight good remaining units went back into service in 
the rain and stood up until changed some days later. 
This was the only failure of insulation while the line 
was energized at 280 kv. It occurred under the most 
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trying climatic conditions of the first rains, upon insu- 
lators covered with the accumulated dirt and dust of 
the whole preceding dry season. 

During operation at 245 ky. the line kicked out on 
Nov. 6, 1921 and Jan. 18, 1922 without apparent reason 
in clear weather. The line was most carefully patrolled 


Fias. 31 anp 32—Succrssive Sraces or Arc-Ovmers on LINE 


but no evidences of flash-over discovered. Later 
after the test was all over and the transformers were 
being put into normal service at 150 kv. one of them 
broke down and upon opening up the coils it was found 
that surface discharges across insulating barriers had 
taken place under the oil. There is no proof that this 
was the cause of the unexplained cutting out of the line 
but it seems probable. 


August 1922 


With a view to observing the action of the insulation 
with its shields under arc-over, with more energy in the 
arc than was obtainable in the laboratory, intentional 
are-overs were made by pulling a No. 40 copper wire 
across the insulator. Both still and motion pictures 
were taken of the are which behaved entirely similarly 
to laboratory ares with the exception that the light 
was vastly greater. 


27 MILE LINE ENERGIZED FROM *3TURGO. Laspe 
SHORT ON*C” LEG TO GROUND LSSAM. 12-6-'21 
POPPER ECR ee 
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Fie. 33—Current Durinc Arc-Over on Towerr 


For these flash-overs the line was fed from a 25,000- 
ky-a. steam turbine. The current in the are was 
approximately 120 amperes. Fig. 31 shows progressive 
stages of an arc in the center position of the tower and 
Fig. 32 showssimilar stages of an arc in the outer position. 
It is interesting to note the dying out of the are in 
patches of incandescent vapor. These ares lasted about 
32 cycles, the relay then opening the circuit. No dam- 
age was done to porcelain or hardware. Fig. 33 gives 
the oscillogram of the performance; gradual decrease 
in the current is noticeable as the arc lengthens. 


AIR-BREAK SWITCH 


Some experimental work was done toward develop- - 


ing an inexpensiveair-break switch for line sectionalizing. 
To settle the question as to whether such a switch 
would be able to break the charging current of a 27-mile 
length of line, one was set up in the line and opened. 


27 MILE LINE ENERGIZED FROM “SYSTEM 


CHARGING CURRENTS 
"C’-LINE CHARGING THROUGH ARC ABOUT 40 FT, LONG 


a 


34—-CHARGING CURRENT OF LINE THROUGH LONG 
Opren-Air ARC 


Fig. 


The arc held on for about six seconds, in quiet air, ris- 
ing continually higher until it broke. The total length 
measured along the are reached a maximum of from 60 
to 70 ft. with a 23-ampere are. Such an arc increases 
the charging current to the line due to wave distortion 
as shown in Fig. 34. 

In view. of the extremely long are and the liability 
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of its being blown into adjacent conductors it was 
decided to abandon the idea of breaking charging current 
upon air-break switches but to operate the sectionalizing 
switch stations so that the air-break switches would 
be used only for separating parallel lines. 


TOWER DESIGN 


Comparative studies were made of the cost of single- 
and double-circuit towers as follows: Clearances from 
insulator shield to tower of four five and six feet; 
conductors of 605,000, 1,000,000 and 1,500,000 circular 
mils of aluminum with steel core and copper conductors 
of resistance equivalent to the two larger sizes of alu- 
minum; flexible and rigid towers, all towers to stand the 
unbalanced pull of any two conductors being broken 
and anchor towers to stand all conductors being 
broken on one side. 

The combinations and permutations of these variables 
are many. 

The final decision was for single-circuit towers, as 
costing no more per circuit than double-circuit construc- 
tion. 

Steel-core aluminum was preferred above copper, 
and the extra cost of obtaining six ft. clearance over 
that for four ft. was so insignificant that the minimum 
of six ft. was adopted. 

The only condition under which double-circuit towers 
would seem advisable would be where it was extremely 
difficult to get rights of way. It also appeared some- 
what hazardous to tie up such quantities of power as 
240,000 kw. upon a single-tower line, at all events with 
the size of the whole system such as it will be for some 
few years to come. 


PROTECTIVE DEVICES 


The 150-kv. lightning arresters now in service at 
Big Creek generating plants, Vestal and Eagle Rock 
substations, will remain in operation, but it is not in- 
tended to install any arresters on the 220-kv. lines. 

The two existing Big Creek tower lines have one 
ground wire on each and these will of course remain. 
They are of service in distributing ground current 
over several towers in the case of insulator are-over. 
They are also felt to be of some slight mechanical 
advantage, although with rigid towers this would only 
be effective after a tower member buckled or a tower 
foundation washed out or gave way. 

Mention has been made of the possibility of auto- 
matic sectionalizing of the line; this would be effected 
by balanced relays. 

The method now used of breaking arc-overs is to lower 
the fields of generators and synchronous condensers 
until the are breaks, and upon building up the field 
once more the generators pull into step, if they have 
fallen out of synchronism, and service is resumed in 
about one minute on an average. 

Plans are under way to make this operation automatic 
which should result in a great saving of time. 
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CONCLUSIONS 


Transmission at 220 kv. has been invested with a 
certain glamour, and the further investigation has been 
carried the more certain it appears that transmission 
at this voltage will only differ in degree from trans- 
mission at lower voltages, with which we are familiar. 
No new or startling effects are expected or appear 
probable. 

The unequal voltage distribution over long insulator 
strings can be eliminated to the degree where individual 
units will be stressed less than they now are on lines in 
commercial operation. This is effected by shield rings 
which -at the same time can be so designed as to keep 
any accidental are well away from the insulators. 
Corona upon insulators and hardware is also prevented. 

Standard suspension insulators can be used, so that 
220-kv. transmission need not wait upon the design 
and trial of new types of insulator. 

Transformers and switches are already developed, and 
have been built by more than one manufacturer. 

The corona constants of large cables are known 
within rather narrow limits so that lines can:be con- 
fidently designed to have definite known losses. 

The charging current of commercial lines is also 
sufficiently well determined so that calculations of 
voltage regulation will be accurate. 

There are therefore no apparent obstacles in the way 
of 220-kv. transmission, the only requirement being 
that the amount of power to be transmitted shall be 
sufficiently large, and the distance great enough to 
warrant the cost of 220-kv. equipment. The increased 
carrying capacity of the transmission lines then more 
than offsets the equipment cost and 220-kv. trans- 
mission becomes more economical than at any lower 
voltage. 


Discussion 


W. A. Hillebrand: Concerning the experiments on the dis- 
connector switch, with regard to characteristic flash-over and 
the opening distance and clearance from the ground necessary 
to prevent the are from shooting across the gap. Was any effort 
made to control the direction of flash-over by means of screens 
or guards which would reduce the gradient between the blade 
and the clip on the opposite side? 

R. J.C. Wood: The only attachment to the switch is a verti- 
eal piece of pipe on the clip end which, when the switch was 
opened, formed, with the switch blade, a horn gap. This pipe 
was within three or four inches of the clip. The are would very 
often hold onto this clip and pay no attention to the horn at all. 
There was no other attempt to influence the are. The are hung 
on for five or six seconds. We were satisfied that the are was too 
long and that we had better not attempt to use such a switch 
for breaking charging currents. 

W. A. Hillebrand: I think you misunderstood me, Mr. 
Wood, it is not in connection with the switch or breaking charge. 

R. J.C. Wood: That was the charging current? 

W. A. Hillebrand: Yes, but as I understood you tosay, your 
disconnecting switches in the substation being 220, are mounted 
on the tripod that you had the nine-inch gap—tinear gap nec- 
essary—a nine foot gap with regard to the striking distance to 
the ground, to prevent the possibility of an are shooting across 
the open gap into the substation wire. 
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R. J. C. Wood: We had a big shield around the top of these 
posts, the circular disk to which the legs were attached was in 
the neighborhood of twenty inches in diameter, and formed a 
shield for the insulators distributing voltage in the same way 
that the shield on the transmission line does, it also prevented 
corona from the switch clip; but we did not try anything such 
as Mr. Hillebrand suggests. We were rather skeptical of any 
of these high-frequency effects existing at all. But we thought 
we had better make sure and arrange this side-gap so that if any 
of these unknown things did come in then we would be safe. In 
making the test we duplicated the set-up of the station, the walls, 
columns, ete., so that the field surrounding the switch would be 
the same in the test as it would be in the power house. Does that 
answer your question? 


W. A. Hillebrand: Yes. One other thing which had better 
perhaps be diseussed, that may be of extreme interest, and is of 
unquestioned importance, that is, the charging current of the 
line, the kv-a., its relation to the generator, the capacities avail- 
able, the methods of energizing—of excitation, and finally of 
switch synchronizing. That is, you have to energize the line 
with presumably a very considerable potential difference between 
the open end of your line and the system at Eagle Rock, which 
you will have to parallel. 


R. J. C. Wood: First of all as to the charging kv-a. on the 
line, that will be 50,000 kv-a. for one line, the whole distance. 
After once getting started, there will be no difficulty, the line 
can be cut up into sections. If we have to, when we first start 
we Can energize a section at a time adding generators as required. 
Also, we will have synchronous condensers at the load end. It 
is quite possible to put a condenser on the line and with a gener- 
ator on the other end, bring the whole system up together from 
standstill, having the condenser on the end reduces the kv-a. re- 
quired from the generator. One way of looking at it, part of the 
required 50,000 kv-a. comes out of the generator, part of it out 
of the synchronous ‘condenser. 

Apart from the magnitude, I do not see why operating problems 
are going to be any different from what they are now. With 
lines paralleled at the generating end only, one has a higher 
voltage than the other at the load end, when one is carrying the 
load, the other is not carrying the load. 

Upon paralleling at the load end, loads and voltages in the two 
lines will equalize. There will be surges of course but so far we 
have been unable to record higher than an 80 per cent voltage 
rise when cutting in or out a 100-mile section of line and if the 
line is not good for that it is not good for anything. 

With regard to determining what these high voltages—surges— 
on the line actually are going to be, all that can be obtained is an 
estimate based upon what we actually have now on the 150-ky- 
line; we have been working for some time to determine what 
voltage rise—surges—occur on that line in normal operation. 
We have had a lot of experience trying to make a surge recorder. 
We finally rigged up a device comprising substantially six points, 
which formed six air gaps of different lengths, varying from about 
the 64th of an inch to one eighth of an inch. These points are 
opposite a metal plate, and a kodak film moves along in the gaps. 
We have arranged to use an ordinary standard kodak film, load 
and unload it in daylight, the substation man or anybody else 
can handle it. - 


But we have had records on the surge recorder of as much as 
something less than 100 per cent rise of voltage. Of course there 
is nothing very precise about it. The first gap is set to discharge 
at slightly above the line voltage—possibly 10 per cent; the 
second gap at 25 per cent above voltage, the third at 50, the 
fourth at 100, and the fifth at 200 per cent above normal voltage. 
The highest surges that we have any record of so far, occur when 
we kill the bus in the station where we have this recorder in- 
stalled. We have records of surges which occur when oil switches 
are opened at the far end of the line. The recorder, by the way, 
is on the bus at Eagle Rock substation, and we get records of 
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switching operations at Big Creek, on the other extreme end of 
the line, but so far we have no records of anything like 200 or 300 
per cent above normal voltage, which voltage would still be 
insufficient to flash-over an ordinary string of insulators. 

We have been troubled with unexplained flash-overs on the 
Big Creek line. This has occurred at times when operation is 
apparently entirely normal. No switching is going on, fair 
weather, apparently no reason at all, the first thing we know 
there is a flash-over and the voltage is down and we are in trouble 
—which does not last very long, about from one to two minutes; 
but at the same time the larger the system becomes and the 
greater amount of power that is going over the line, the more 
serious, even what we call a momentary interruption, becomes. 
We are bending all energies now to try to determine what is 
actually going on in the present line, and we feel that until we 
get the answer to that we will not have the answer to the flash- 
over. 


J. Mini, Jr.:_ Through the courtesy of Mr. Wood I had the 
opportunity of visiting and seeing the tests made on his system 
during the time they had on the high voltage, and I feel that there 
have been very few tests ever made—probably none ever made, 
of a line of such high voltage and that length on an actual trans- 
mission line. When the line was operating somewhere around 
280,000 volts it was noisy and visible at night. The fact that the 
line was alive was easy to detect while it was operated with above 
voltage, but when the voltage was brought down to 220,000 volts 
you would have to be told that the lower voltage was on or you 
would not be aware of it. 

There are one or two points in connection with Mr. Wood’s 
paper where he tells you that the transmission line source is from 
star-grounded transformers and the receiving end connected to 
delta-delta transformers. He also tells you that they break these 
flash-overs by lowering the voltage. I believe that when we 
come to connect both ends of the transmission system star- 
grounded, that is the receiving end and the sending end, it will 
not be so easy to break the flash-over as it is under their present 
system where the receiving end is connected delta. I speak 
from our experience of 110,000-volt transmission lines where the 
receiving end is connected star-grounded as well as the sending 
end, and it is only in the case where we have one generator on the 
line and the energy is small that a flash-over can be broken, that 
is, the are can be broken by lowering the voltage at the generator’s 
end. The flashover are is fed from both ends, whereas in Mr. 
Wood’s system at the present time the real energy current in the 
flash-over are to ground comes from the sending end. 

We have found that the best method of getting rid of these 
flashovers, when they happen, (of course this can only be done 
when you have duplicate transmission lines operating in parallel) 
is by having one relay that is set very light for ground trouble, 
and three other relays set heavy so far as trouble between phases 
goes, you can have this line severed from the system at the receiv- 
ing end and sending end in ample time before any damage is 
done. 

Before we put in this system of residual relays which trip a line 
out with a moderately light ground, a flash-over to ground on our 
lines burned them down invariably. It was practically impos- 
sible, with hand operation for the operator to disconnect a line 
in time, before the wire had not been so severely damaged by 
burning that it subsequently pulled in two. 


There is just one other point that comes to mind in regard to 
operating these lines at very high voltage and long mileage, and 
that is, if you have duplicate lines, and say one line is fully loaded 
and you want to switch in a second line, there will probably be 
a very large phase angle at the receiving end between the loaded 
and empty line voltage which will cause a severe disturbance of 
the voltage while equalizing the load by throwing them together. 
It has occurred to me that it might be possible in this case to 
close the line at the receiving end first and back voltage to the 
power house; then put on a separate generator and pull up some 
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of the load and finally parallel the lines at the power house after 
the load was more equally divided over the two lines. 

F. W. Peek, Jr., (by letter): Mr. Wood gives some very 
interesting and important data on the various factors affecting 
transmission at 220 kv. Mr. Wood’s conclusions are not based 
on laboratory work alone but also upon the several years operat- 
ing experience of the Southern California Edison Co. at a 30 
per cent lower voltage. No radical changes in types of appara- 
tus have been found necessary. 

Standard ten-inch disk insulators will be used. The use of a 
simple metal ring shield will reduce the maximum unit stresses 
below those on present successful lines operating at lower volt- 
ages. The ring shield also serves as a very efficient arcing ring. 
Tests at 280 kv. on a thirty-mile section of line indicated that the 
line insulation will be quite satisfactory. There was only one 
are-over. This occurred on a nine-unit string at 280 ky. during 
the first rains after the insulators had had a chance to accumulate 
dust for a full season. This is probably the worst condition to 
eontend with in California. In connection with the arc-over 
of wet and dirty strings I wish to point out that unless the power 
supply is large, laboratory tests are of little value as an indication 
of arc-over voltages in practise. This follows because when the 
power is limited by the generator or transformer the heavy cur- 
rent flowing over the conducting surfaces lowers the voltage 
before an are develops. The arc-over voltage thus appears 
much higher than would actually be the case on a large system. 
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The neutral of the system will be thoroughly grounded and 
thus eliminate dangerous oscillations and high voltages in case 
of an accidental ground on one or more lines. The permanent 
grounding of the neutral at the transformer also makes possible 
a much safer and better transformer. In fact, all ereepage sur- 
faces in the transformer are eliminated. 

I am particularly interested in the corona measurements, 
because these measurements check so well with my own made on 
an outdoor experimental line in Schenectady in 1910 and dis- 
cussed in the TRANSACTIONS. 

It is interesting to make a comparison. In the Schenectady 
work it was also found that when a line had been idle and had 
become wet or dirty the loss was quite large on the first applica- 
tion of voltage. It was at first thought that this was due to leak- 
age over the insulators. Tests were then made with a great 
many insulators bunched together so as to practically eliminate 
the line. It was found that the insulator loss was negligible 
under the above conditions and also in very heavy rain and snow 
storms. The excess loss was found to be due to the wet or dirty 
conductor surface. A study in the dark showed that water was 
sprayed from the conductor with a considerable increase in 
corona which extended out a great distance from the conductor 
surface. When there was fog, rain, snow or sleet this condition 
was found to be continuous. 

In the formula for the disruptive critical voltage there is a 
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factor, mo, called the irregularity factor. This factor is used as 
a measure of the effect of roughness or irregularities of the con- 
ductor surface in lowering the critical voltage. It is unity for a 
smooth cylinder and less for eables. It is, therefore, not much 
affected by temperature and is constant for any weathered con- 
ductor. In fact, we found m» constant over a range of hot sum- 
mer temperatures to below zero temperatures of winter, (See 
Fig. 1). Fog, rain and other conditions lower the critical volt- 
age In the same way. 

The weather factor, which may be called ms, is variable. 
An average value of m; for storms is 0.8. Mr. Wood has com- 
bined m; and mp in one factor and denoted it by capital Mo. 

Thus My = mo ms 

I rather think it undesirable to do this because small mo is a 
constant which applies to a given weathered conductor anywhere, 
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while ms; will vary with the location and the season. Mr. Wood 
shows an apparent variation of capital M, with temperature in 
Fig. 27. Upon examination it is found that the stormy weather 
points occur at the lower temperatures. Iam inclined to believe 
that the apparent reduction is not due to the lower temperature 
but mostly to the storms or fog that occurred at the lower tem- 
perature. It will be noted that the fair weather points in Fig. 
27 can be equally well represented by a line parallel to the 
temperature axis at 0.85 and the stormy weather points by a line 
parallel to the temperature ended at 0.80 (See Fig. 3). 
Then Fair Weather My = m = 0.85 

Stormy Weather My) = mm; = 0.80 
The average storm factor for the particular tests is therefore: 
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This factor on a long line would be the average of the various 
conditions along this line from dry weather to heavy storms. 
The apparent variation of capital M>) with temperature would 
probably be quite different for different seasons in a given local- 
ity and for different localities. The variation of My in Fig. 26 
can be explained in the same way. It will be noted that the low 
points occur at the low temperature and are for the most part 
taken at night when fog is likely to occur. The variation of 
individual points at approximately the same temperature is 
also quite great at this time of day. For example, the variation 
of M, for 15 deg. to 17 deg. temperature for 12 A. M. to 4:30 
A. M. is from 0.80 to 0.90. The shot gun effect of these dia- 
grams should be expected for a long line where all of the variables 
are not under control or known. The starting voltages vary 
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along the line and the meters record an average condition. Part 
of the individual variation is also due to the fact that the values 
were obtained at the lower or unstable part of the curve. 

The above discussion is given as a possible explanation of the 
apparent variation of M,) with temperature which Mr. Wood has 
found. It is not intended as a criticism of the value of the 
data. Such measurements on operating lines are of great value 
and the industry is greatly indebted to Mr. Wood. 

Referring now to the mp factor as originally employed, it is 
desirable to obtain conductors in which this is as nearly unity 
as possible. It is necessary to give this factor greater considera- 
tion as the voltages are increased. A smooth cylinder would be 
a desirable conductor. Since in present practise cables are 
employed it is of great importance that the individual strands be 
regularly placed and free from burrs and points and other irregu- 
larities of manufacture. The loss near the critical voltage on a 
new cable will often be higher than on a cable that has 
“weathered” under the action of voltage when there is a tendency 


_ for the burrs to disappear by oxidation at the over-stressed 


points. In making measurements on new cables of different 
stranding we have found high losses near the critical voltage 
where strands had been mutilated in manufacture. 

It may be of interest to point out further possible irregularities 
in manufacture that will affect Mo. The Southern California 
Edison conductor which is highly satisfactory for 220 kv. is made 
up of individual strands about one-tenth of an inch in diameter. 
A single strand would have corona at very low voltage. In the 
eable each strand is placed around the surface as its neighbor is 
placed. Corona starts at a very high voltage because each 
strand shields its neighbor and the stress is divided equally 
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Data taken from Table I— Electrical World, May 6th, 1922, also included 
Fig. 26. . Pi 
Points indicated by £ are bad weather points divided by an assumed 
average bad weather factor, ms = 0.95 to reduce to mo. 
Points indicated by o are fair weather points calculated from data given 
in the table. 
Points indicated by A are points calculated by Mr. Wood where they 
do not agree with the & or o points. 
x Storm points in table divided by ms = 0.95. 
o Fair weather points from data in table. Mo = 
A Given when Mr. Wood's calculations do not agree. Mg 


Mg Mo 


between them. If, in the process of manufacture, one strand 
becomes squeezed out so that it stood above its neighbors it 
would take more than its share of the stress and local loss would 
oceur at a lower voltage. 

In conclusion I wish to again express my appreciation of this 
paper and to point out that it further confirms our belief in the 
success of 220-kv. transmission. 


R. J.C. Wood: Mr. Peek’s criticism of the use of the symbol 
capital Mo to include the combined effect of surface roughness 
and weather conditions is well taken. It should be remembered 
however that the whole investigation was primarily undertaken 
to determine the constants of a definite line already built in a 
definite location, and that for this purpose the single factor 
answered the purpose. Sufficient data are given so that those 
interested may further split up this factor as desired. 

There seems to have been some misunderstanding of Fig. 26 
and 27. Fig. 26 gives the results obtained experimentally while 
operating at 161 kv. to neutral. The observations were taken 
every two hours, and from the measured loss, the physical con- 
stants of the line, and the atmospheric data, that value of Mo 
was determined which would in each ease satisfy the other 
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conditions. A casual glance at the plot of My against tempera- 
ture shows that the two increase and decrease together, although 
the air density factor has already been allowed for in the eal- 
culation of Mo. The diagram is somewhat of the shot gun 
variety, and had average values of My for each degree Centri- 
grade been plotted a much better looking result would have been 
obtained but at a sacrifice of sincerity. In Fig. 27 values of 
M, are plotted after having been determined from observations 
taken in both clear and rainy weather while operating at 141 
kv. to neutral. No claim is intended that these values of M) 
bear any relation to temperature in fact the diverse weather 
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conditions would preclude such an idea at once, but; for com- 
parison, the line of Fig. 26 is extended through Fig. 27 as an 
indication of what might be expected to be the values of Mo 
in clear weather at the lower temperatures, and to show the ex- 
tent of the deviation from the fine weather line, caused by rain. 

In Mr. Peek’s replot of Fig. 27 in his chart No. 3 he has com- 
pressed the vertical scale so that a direct visual comparison of 
the two charts is difficult to make. His suggestion that the 
low temperature observations in his Fig. 3 are probably due to 
moisture is I believe not tenable as in this country such tem- 
peratures as 2 deg. cent. are only obtained with clear skies and 
unimpeded radiation. 

Since reading Mr. Peek’s discussion I have gone over the orig- 
inal data very carefully, together with U. S. Weather Bureau 
reports, and have selected a number of observations about which 
there is apparently no doubt as to absence of fog and including 
readings upon 12 miles of line taken at high temperatures. 
These are plotted in the accompanying Fig. 5 as clear circles. 
In the same figure are plotted a number of observations taken 
in heavy fog and mist but not rain, these showing in full cireles. 
Apparently there is no discontinuity between the fair and foggy 
weather data and this would indicate that it is temperature and 
not fog that determines the variations of Mp» for this line. 

In most of the published data upon corona loss measurements 
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a suitable value of M,) has been chosen and the loss, as calculated 
assuming this M, to be constant, shown in the familiar parabolic 
curve, observed losses have then been plotted lying more or less 
along the curve. The value of M, is chosen so as to place the 
calculated line well through the observed points in the upper 
part of the curve at high voltages, and the lack of agreement at 
below the visual corona point assigned to the dark realms of 
probability. 

From a practical standpoint it is precisely the sub-visual 
region that is the most interesting. A transmission line cannot 
be expected to have a corona loss in accordance with the quad- 
ratic law until there is sufficient corona upon it to smooth out its 
roughnesses and this seems to be at about the visual point. This 
is jJllustrated in Fig. 6 in which is shown the observed losses of 
the test of Oct. 12, the data being in Table VII. The drawn 
lines show calculated losses, first assuming the whole line to have 
an irregularity M, = 0.85 which agrees well with the observed 
data above the visual point, and secondly assuming three tenths 
of the length of the line to be in corona with a factor M, = 0.78 
which agrees with the observed losses below the visual point. 
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Fria. 6—Corona Test, 19.5-Mite Line, 11 peg. cent., Bar. 
72 cm. 50 Crcuss, Oct. 12/21 


It seems logical to conceive of the line as having certain por- 
tions rougher than others and consequently having a lower 
value of Mo. ; 

It should be remembered that in all the calculations of this 
paper the mean logarithmic spacing of the conductors has been 
used equal to 1.26 times the spacing between adjacent con- 
ductors. If on the contrary the spacing between adjacent 
conductors be used in the ealculations, larger calculated values 
of charging current and higher values of M) in the corona formula 
will result. 


An Overpotential Test for Insulators 
BY G. W. LAPP 
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Chief Engineer, Lapp Insulator Company, Inc., Le Roy, N. Y. 


Some of the facwrs met in the design of insulators and characteristics of routine electrical tests are discussed in this 


paper. 


A new overpotential test is described with its application and effects. 


Results of this test make possible a higher 


standard of practise in the manufacture and use of transmission line insulators. 


Ever increasing responsibility is being placed upon transmission line insulators. 


To establish by specific tests 


that each insulator put into service has a liberal initial factor of safety and further to be assured that the insulator will 
be proof against deterioration in service is the ideal toward which we are working. 


FACTORS IN DESIGN 


ERMANENT high dielectric strength in an insu- 
P lator is the fundamental requirement, but this is 
not an independent factor in the determination 
of sound insulators. Along with dielectric strength 
we must consider the flash-over voltage of the insulator, 
its shell thickness and its impulse ratio. If these three 
be high the dielectric strength should be correspondingly 
higher. 

The ratio of puncture voltage to the product of 
flash-over voltage times impulse ratio may be taken 
as the electrical factor of safety in service. This 
factor of safety may be increased by higher dielectric 
strength and by lower flash-over voltage, while the 
impulse ratio is rarely utilized as an independent 
variable in designing insulators. Higher dielectric 
strength in turn is a function of thickness as well as 
dielectric strength per unit thickness. Thickness is a 
matter of design while unit dielectric strength in the 
case of porcelain insulators, is contributed by effective 
solution of the ceramic problem. These two factors 
may appear to be independent but they are, as a matter 
of fact, strictly interdependent. Thicker insulators 
have replaced the thin sections of former days, but 
unless this increase in thickness is accompanied by 
better porcelain, the sought-for increase in dielectric 
strength is but temporary. The thicker the porcelain, 
the more necessary it is to prove its soundness. 

Thicker shells of good material are better. They are 
stronger mechanically and more quiet electrically. But 
what shall tell us that they are not of a quality whose 
inferiority is hidden by the thickness of the shell? 
The electrical test is the only practical means of proving 
each insulator. 


ROUTINE ELECTRICAL TESTS 


The routine electrical test is depended upon to weed 
out poor material. The potential of this test as usually 
applied, is flash-over voltage. The potential required 
to puncture a piece of good quality may run twice the 
voltage of flash-over. Some insulators fail on flash-over 
test. Those that pass the test, range in dielectric 
strength between flash-over and the puncture strength 
of sound porcelain. Some insulators that pass this 
flash-over test have inherent weakness that would 
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cause them to fail if the potential difference were 
higher or applied for a longer time. Application of 
voltage longer than a few minutes produces but few 
additional punctures so that attention has been de- 
voted to increasing the voltage of test. 

The most obvious possibility of applying higher po- 
tentials is to immerse the insulator in oil as in puncture 
testing. This has never become a routine test on 
insulators for service because of its many disadvantages. 
On account of the presence of this medium of low dielec- — 
tric constant and high dielectric strength the appli- 
cation of full potential is limited to areas actually 
in intimate contact with the conducting terminals. 
This restriction localizes and intensifies the dielectric 
flux to such an extent that damage may be done to 
perfectly good insulators. Aside from this, the im- 
mersed oil test is expensive to apply. 

Two other tests that have had commercial applica- 
tion in routine testing of suspension insulators, secure a 
slight excess of voltage above 60-cycle flash-over by 
utilizing the impulse ratio or the time lag of the insu- 
lator. They are known as the high-frequency test and 
the impact test. 


THE HiGH-FREQUENCY TEST 


This test employs damped wave trains of the order 
of 100,000 to 200,000 cycles a second applied for a 
few seconds... The vigor and time with which this test 
can be applied are somewhat limited by the tendency 
of the flash-over streamers to become localized and then 
to start digesting the porcelain by local heating. The 
detection of a small percentage of unsound material 
that the 60-cycle open flash-over test would have 
allowed to pass has heretofore justified the use of this 
test. It cannot be relied upon for the detection of 
the greater part of material that is improperly fired nor 
for many checks that escape visual inspection. 


THE IMPACT TEST 

In the electrical impact test a spark gap in series 
with the test causes a slight amplitude of damped high 
frequency to be superimposed upon the low-frequency 
wave. 

A condenser across the line adds to the slight surge 
of high-frequency energy when flash-over of the auxili- 
ary gap occurs. The intensity of this test varies with 
the energy available from the source and from the 
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condenser and depends upon a nice proportioning of the 
electrostatic capacity of the auxiliary gap to the capac- 
ity of the insulator, and is further affected by the 
resistances in the circuit. If the capacity of the gap 
is too low the insulator charging current leaks across 
the gap too early to cause much high-frequency ampli- 
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extended flash-over distance, sufficiently long to prevent 
flash-over at the chosen testing voltage. 

Application of the Test. With the above simple 
arrangement many possibilities at once appear. On 
account of the presence of air inside and outside, the 
vital center of the insulator is bathed in active corona 
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Ge 


Figs. 1 anp 2—ARRANGEMENT FOR OvERPOTENTIAL TEST 


tude to remain on the crest of the 60-cycle wave. If 
the capacity in parallel with the auxiliary gap is too 
high, the insulator flash-over starts at normal fre- 
quency and the impact effect is lost again. The impact 
effect is greatest with an auxiliary sphere gap discharg- 
ing just before the low-frequency voltage wave reaches 
maximum value. As the possibility of utilizing the 
impulse ratio of the insulator in commercial routine 
testing depends upon the electrical constants of the 
circuit, a standardized test of this nature is not readily 
attained and verified. 

At best, either the high-frequency or the impulse test 
adds but a few per cent to the voltage available to test 
the dielectric strength of the insulator. It must be 
assumed that voltage surges in service will equal in 
intensity any test voltage depending for its added 
effectiveness upon the steepness of its wave and the 
time lag of flash-over. Such tests cannot raise the 
minimum factor of safety above unity, much less 
establish a definite margin of safety or weed out in- 
sulators that may deteriorate in service. 


THE OVERPOTENTIAL TEST 


To make it possible to test insulators at any definite 
voltage desired from flash-over to high puncture, the 
following overpotential test has been devised and used 
for commercial testing. In this test (Figs. 1 and 2) 
the insulator is placed in an insulating dish which 
holds a sufficient depth of oil to form an electrical 
flash-over seal at the rim of the insulator at the same 
time leaving the head and center part of the shell 
exposed to the air. The inside terminal is connected 
with a conductor passing up through the center af the 
dish. In effect the dish becomes part of the insulator 
which temporarily, for testing purposes, acquires an 


(Fig. 3) which diffuses the potential without concentra- 
tion and without local heating and injury to the insu- 
lator; although covered with this ionized air the tem- 
perature of the insulator at the end of test is not hot. 
The area exposed to active potential may be limited as 
desired by raising the oil level. 

On account of absence of flash-over (see spark gap, 
Fig. 4), the specified test voltage can be maintained at 
a constant value by holding a fixed voltmeter reading 
showing potential impressed upon the primary of the 
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testing transformer. This value can be verified ac- 
curately at intervals by checking against the spark gap 
without the disturbing surges that accompany calibra- 
tion with parallel flash-over. Either the sphere gap or 
needle gap can thus be used to calibrate the test with- 
out the discrepancies that usually attend the deter- 
mination of flash-over voltage by means of these two 


734 


gaps. Not only will the surge from a flash-over test 
cause the gap to discharge and vice versa, but the sphere 
gap is more sensitive than the needle gap and usually 
more sensitive than the test to this voltage kick because 
of differences in impulse ratios. By eliminating flash- 
over we eliminate the indeterminate effects noted and 
make it possible to apply to the insulator an accurately 
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Fig. 4—OvERPOTENTIAL TEST—SpParxk Gap 


determined voltage of approximately sine wave. The 
importance of applying low frequency may be gained 
from an observation of the effects of the “high-fre- 
quency” test. It appears that the surface digestion of 
the porcelain is due to a lack of penetration of the 
dielectric stress deep enough to cause a uniform poten- 
tial gradient throughout the thickness of the dielectric. 
It appears that the energy per half cycle of the damped 
high-frequency wave is not sufficient to supply the 
energy required by dielectric hysteresis and to over- 
come the counter electromotive force due to time lag 
of the dielectric in giving up charge except for the sur- 
face of the insulator which is immediately in contact 
with the rapidly reversing potential. The fact that 
continuous waves of the same order of frequency heat 
the dielectric many times more rapidly than this 
damped wave train test, indicates the degree to which 
the energy is curtailed. This phenomenon may be 
compared with the skin effects in a solid electric con- 
ductor which make the body relatively impenetrable 
to high-frequency electromagnetic induction. 

By confining the high-frequency energy to the surface 
of the dielectric, destruction proceeds piecemeal through 
thermal expansion and spalling of the affected region, 
rapidly taking advantage of the initial local or super- 
ficial difference in dielectric strength and accomplishing 
a puncture only by a process of progressive destruction. 
This type of failure requiring several thousand suc- 
cessive cycles for its completion, does not appear to 
correspond to the line failures caused by surges or by 
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lightning as these latter seldom show evidence of pro- 
gressive digestion of the porcelain. Such line failures 
are probably completed by a few cycles of high energy 
which shatter the dielectric by applying a fairly uni- 
form potential gradient to insulators of weakened 
dielectric strength. 

Results of the Test. The fact that the punctures 
produced by this overpotential applied in a smooth 
sine wave of low frequency are of marked suddenness 
and violence, would indicate that this test eliminates 
fairly material that would be likely to puncture in 
service due to low dielectric strength of the total path 
of puncture. 

In the overpotential test, involving as it does a higher 
intensity of applied potential, it is a matter of first 
importance to know that insulators which have safely 
passed the test have not been weakened because of the 
test so as to sacrifice part of their useful life. Two 
points of information are available in this condition. 
The first is the dielectric strength as actually deter- 
mined by puncturing under oil insulators that have 
passed the overpotential test. The curve of distribu- 
tion of punctures as obtained on the test itself provides 
the second source of information. (Fig. 5.) 

From records of puncture under oil of 1 per cent of 
several thousand suspension insulators, representative 
of six months’ production, minimum and average 
puncture values were increased about 20 per cent and 
15 per cent respectively, above previous values on 
similar units tested by liberal flash-over with impact. 


PUNCTURES 
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Fic. 5—Time DistrisutTion or PuNcTURES—OVERPOTENTIAL 
TrEstT 


10-in. suspension insulators. Potential applied 125 per cent of flash-over. 
Time of test, 5 min.—2 min. after last puncture. 


Maximum values of puncture were fully as high after 
applying the overpotential test. In no case was an 
oil puncture value below the overpotential used on the 
test. 

The curve (Fig. 5) giving distribution of punctures 
throughout the five minutes of test shows that two-thirds 
of the failures occurred in the first and second minutes 
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of test and failures diminished in succeeding minutes, 
indicating that at the voltage of test no evidence of 
dielectric fatigue had appeared. If the time of appli- 
cation were to cause increasing loss this curve would 
show a tendency to rise again. For the purpose of 
securing further data on the effects of time and inten- 
sity of voltage application, a few units were left 
through successive tests, a total of about twelve hours, 
without puncture. 

Specification Limits. When standard 10-in. unce- 
mented suspension shells are given a vigorous flash- 
over test for several minutes as is usual, and then tested 
after assembly, the final 60-cycle flash-over and the 
“high frequency” together puncture a certain small 
percentage. When the overpotential test is applied 
instead of the above final tests, it eliminates about four 
times as many units and thereby removes the units that 
would be most likely to fail in service. This margin 
of dielectric strength or test voltage may be fixed at as 
high a value as experience proves necessary to weed 
out material not reliable as a dielectric. The exact 
value to which it may prove economical to limit the 
test voltage will be determined by a balance between 
the cost of failures in service and the cost of insulators 
of the grade specified. That point can be worked out 
and a definite standard of dielectric strength established 
on as sound a basis as engineers are accustomed to use 
in the purchase of steel for example. The point is 
that this overpotential test makes possible a definite 
specification and a means of fulfillment. With a 
knowledge of the kind of material that goes up on the 
line, we have a definite starting point for service records. 


DESIGN VERSUS MATERIAL 


It may be objected that the foregoing lays too much 
stress on dielectric strength and overlooks matters 
of design and structural details that have undoubtedly 
been the cause of some failures of insulators. While 
this problem of design is important, specific information 
is available for its solution. Physical failures other 
than dielectric may be classified as to type and definite 
provisions made in the insulator structure to correct 
the trouble. Given a porcelain insulator of tested 
high dielectric strength, the permanence of its elec- 
trical and mechanical characteristics is also assured 
by the same test. For such porcelain coefficients of 
elasticity and thermal expansion become stable. De- 
sign tests for mechanical strength run fairly uniform 
and liberal factors of mechanical safety can be employed. 
Few purely mechanical failures are experienced on 
account of external loading. Insulators of stable dielec- 
tric material, with adequate provision for differential 
thermal expansion and contraction, do not fail in ser- 
vice. 

Differentials within individual shells as well as be- 
tween the shells and the metal and cement composing 
the structure, should be considered in compensating 
for temperature variations. 
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Stresses within the insulator can be kept well within 
the strength of the porcelain with a good margin of 
resistance to meet external service loads. When porce- 
lain is fairly treated in design with due regard to its 
known characteristics, it attains a high order of re- 
liability. 


PORCELAIN AS A MATERIAL FOR INSULATORS 


Some of the facts about porcelain may be recalled 
with interest. Within its strength it is three times as 
flexible as steel since its elastic coefficient is about ten 
million. Its yield point is also its ultimate strength. 
There is no permanent elongation. In this particular 
it compares very favorably with the metals in relia- 
bility. When the metals approach the condition for 
zero ductility they become very unreliable. Steel 
when alloyed or treated to such a degree that the 
elastic limit approaches the ultimate strength, becomes 
impossible to handle without cracking. Reliability is 
in proportion to ductility of the metal. Porcelain in 
this respect is of superior toughness because of its 
thorough anneal and its flexibility. 

By taking advantage of its characteristics, the very 
limitations of porcelain may become asource of strength. 
A rod of porcelain is a casein point. Values of modulus 
of rupture in bending for moderate-size rods are ob- 
served to be twice as high as values of ultimate strength 
in tension. This is about the same ratio as found in 
cast iron and is due to analogous causes. In both 
cases segregation of density occurs to some degree in 
the forming process. Skin friction in the die from which 
the clay is extruded and in the mold through which the 
iron flows, slightly differentiates the surface from the 
interior material. In the subsequent shrinkage of — 
the cast iron when it solidifies and in the shrinkage of 
the clay as it dries, and later as the clay is fired, and 
further as it is cooled, all of the changes progress from 
the outside to the inside, accentuating the initial 
differentials and leaving the rod with a shell under com- 
pressive stress and the center volume in tension in all 
directions. It is now readily seen that when such a 
rod is stressed in tension, a value lower than the true 
strength is obtained because part of its strength is 
cancelled internally. When stressed by bending, 
the initial compression in the side opposite the load, 
reverses to a tension stress only after the load has 
caused flexure, and at the instant of rupture the greater 
part of the area of cross-section is under tension while 
the neutral axis is shifted to the compression side. As 
porcelain is many times as strong in compression as it 
is in tension, this means favorable loading and an unduly 
high value of modulus of rupture is found. 

The above case of the rod is discussed at some length 
to illustrate in a quantitative way, the cause and effect 
of internal stresses. This simple case may give some 
idea of the value of careful design and indicate why 
some designs must fail. The hazards accompanying 
increase in thickness may be appreciated to some degree 


736 LAPP: OVERPOTENTIAL TEST FOR INSULATORS 


by this analogy between porcelain and cast iron. 
Sound cast iron is made and relied upon; sound porce- 
lain can be made and relied upon in designs that re- 
spect its properties. 

Porcelain now has this advantage, its soundness as a 
dielectric and to a great extent, the permanency of 
all its qualities can be tested by the application of a 
sufficiently high potential and this can be accomplished 
without deterioration of what strength it may possess. 


CONCLUSION 


Meeting the increasing demands for reliability in 
transmission of power, a test has been developed 
which applies to an insulator a definite chosen potential 
in excess of its highest normal flash-over voltage. 

By the elimination of doubtful material, the minimum 
factor of safety of the insulators can be raised to a point 
where sound dielectrics are assured. 

This test gives to the purchaser a definite basis for 
specifications and a means of attaining a higher duty 
insulator. 

It gives the operating engineer a knowledge of what 
grade of insulators he puts on his line—a basis for service 
records that will mean something. 

In this test the manufacturer will find a spur to 
progress and a proof of quality. 


Discussion 


C. E. Skinner: Porcelain is essentially in effect a conglom- 
erate of spar, flint and kaolin. Each individual piece has its own 
personal history. A very large number of factors inevitably 
enter in, to affect it for good or ill in its making. Much can be 
done by the ceramist and by the porcelain factory to insure uni- 
formity, but the day will never dawn when lots of porcelain 
insulators can be tested by sample as we test steel and many 
other materials. We must always test each piece to see that 
that piece does not have accidental defects and weaknesses that 
would unfit it for its intended service. What is required is a test 
that will search out such defects and weaknesses and which will 
leave the piece uninjured by the test itself. It is up to the 
porcelain manufacturer to so operate his plant that he secures 
the maximum of uniformity, and the test should eliminate all 
pieces which fall below an agreed standard. The agreed stand- 
ard should be that which gives satisfactory service under the 
prescribed conditions. As no test can duplicate service condi- 
tions—in facet probably no series of tests can duplicate service 
conditions—the combined experience of manufacturing, testing 
and service will finally show what balance should be struek be- 
tween severity of test and service. We can so test that we des- 
troy every insulator, then we have none for service. The most 
careful manufacturer cannot hope to so fabricate that no test 
is required, so there must be an economic balance between test 
and service. We all welcome any test that will help to show us 
whether design and material are right, and any test that will 
eliminate insulators which would not give service. 

Mr. Lapp’s test is one which should aid designers and manu- 
facturers in determining whether design and material are right, 
and possibly may be justified in certain cases for a routine test 
where conditions are unusually severe. I very much doubt, 
however, if this test will entirely eliminate insulators which 
would develop flaws or faults in service, and particularly those 
which may be due to mechanical stresses. 

I think the test is one that we should all weleome and give a 
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thorough trial. It will not be an easy test to carry out on large 
numbers of insulators. 

C. L. Fortescue: Mr. Lapp seems to have made out a very 
good ease for the method of testing insulators which he advocates. 
However, he falls into some errors in his anxiety to make a case 
for this type of over-potential test. In high-frequency tests for 
example, the applied frequency as he says, is damped trains of 
the order of 100,000 to 200,000 cycles a second, but the actual 
frequency of the test to which the insulator is subjected may be 
many more times this frequency for the reason that flashover of 
the insulator sets up another train of damped oscillations which 
are superimposed on the impressed train. The severity of the 
high-frequency test is due to the fact that for each half eycle of 
the 60-cyele current supplying the high-frequency set many more 
damped oscillations of the natural period of the insulator oceur 
than in the case of the 60-cycle flashover test. However, there 
is, as Mr. Lapp remarks, a question if such a test may not cause 
damage by the heating due to the high frequeney localized 
stresses, which are incidental to such tests, and therefore, it be- 
comes necessary to limit such tests to a comparatively short 
period, as compared to the 60-cycle routine test. 

In the 60-ceyele routine test the actual 60-eyele applied voltage 
is not the time test voltage, but the flash-over of the insulators 
superimposes a highly damped train of oscillation at every half 
cycle which raises the potential to a value considerably above its 
normal 60-cyele flashover of the insulator. In order to obtain 
the best results with this test the impedance of the transformer 
should be at the proper relation to the capacity of the low and the 
applied frequency. When this condition is approximated this 
method appears to be a very reliable routine test for insulators. 

The overpotential attainable is, as Mr. Lapp states, limited by 
the impulse ratio of the insulator, but so too is the impulsive 
stress to which the insulator is subject under operating conditions 
Indeed, if we would make a true comparison we would find that, 
if anything, the potentials to which the insulator is subjected 
under routine test dre several times more severe than any surge 
they are likely to get in service. 

Puneture tests under oil indicate that the 60-cycle routine test, 
when properly carried, weeds out all the insulators which are 
likely to be a hazard under operating conditions. 

The impact test is a very useful test on insulators also. In 
this test a large condenser is shunted by the insulator or insu- 
lators it is desired to test in series with a sphere gap. The 
latter is set to a setting somewhat greater than the flashover set- 
ting for the potential it is desired to impress on the insulator. 
The condenser terminals are connected to the terminals of the 60- 
eyele transformer and the voltage across it is raised until the 
sphere gap breaks over. It is essential in this ease that the 
capacity of the sphere gap be small compared to that of the in- 
sulator, otherwise the initial flashover may take place across the 
insulator. There is, however no difficulty in obtaining proper 
operating conditions. The main difficulty is in determining the 
value of the impulse to which the insulator has been subjected. 
There is also, in this test the same danger which Mr. Lapp men- 
tions of the are localizing along a certain path, and melting the 
porcelain. 

Mr. Lapp is, I think, in error in his assumption that the voltage 
surges to which an insulator is subject in service will equal in 
intensity the values obtained on test. It is quite possible to 
obtain conditions on test many times more severe than any that 
ean be obtained in service. 

Regarding the test recommended by Mr. Lapp, it has many 
good pointsinitsfavor. One is that the insulators are not flashed 
over and the testing equipment will not have as severe service 
as in the case of flashover. Another is the absence of the deafen- 
ing noise accompanying flashover test, and the presence of large 
amounts of ozone which tend to produce headache. 

A good feature of the method is that the value at which the 
test is made is under control. In the general run of suspension 
insulators, a certain test value may be found economic. For 


y?: 


eRe ree A? 


Chicago, Ill. 


J. F. Soule 


August 1922 


special requirements, a higher value may be necessary and for 
such eases, the batch may be taken from the standard batch 
by eliminating those insulators which fall below the test require- 
ments. So far this is very good, provided that the purchaser 
of the special insulators agrees to pay a special price for. his 
selected insulators. Otherwise, the purchaser of the standard 
insulator will have to bear part of the cost of the losses. sus- 
tained in selecting insulators for more exacting service. 


I think it very doubtful if this method of testing will be of any 
advantage for any other type of insulator than the suspension 
type. There are certain features in this method which make it 
very good when applied on a small scale, but on a large scale, 
there would be many disadvantages. The handling of large 
amounts of oil in vessels exposed to the air is, to say the least, 
unpleasant and may be hazardous unless the testing is done in an 
isolated fire proof building. Altogether, I feel that while elec- 
trically the method presents some good aspects, it should be 
earefully investigated before it is adopted. 

It should be understood by all concerned that more severe 
requirements will most assuredly lead to more costly insulators. 
This may, of course, be economically justified, but it is well to 
point a warning so that the purchaser will realize that he is not 
going to get something for nothing. 

. Mr. Lapp knows that equally as good elimination up to a cer- 
tain point may be obtained by methods.in vogue. Whether a 
higher elimination will be justified is a question which depends on 
the worth of the increase in reliability to the user, because such 
elimination will certainly increase the cost of the insulator to the 
purchaser. 


Lastly, there is some unpleasantness associated with the use 
of oil in testing insulators which, while not of paramount im- 
portance, makes it desirable to find something more convenient 
to use. 


E. E. F. Creighton: Some of those present may not know 
that I started the oscillator test some years ago, and I have been 
waiting a long while for people to take it up. Now there are 
good reasons for that, the principal reason being that the main 
trouble with insulators could not be corrected by any of the 
electrical tests that we had in mind. The main trouble—ninety- 
nine per cent you might say, or maybe it is ninety per cent of the 
troubles—came from moisture in the porcelain.” The moisture 
I should say in the cement causing a deterioration in the porce- 
lain, and most of that deterioration was due to the absorption 
of the moisture. 

That perhaps is not the major trouble, but the expansion of the 
cement itself. Cement has a property of expanding, as civil 
engineers have shown us, continually, if it is moistened and 
dried. Every time it. is moistened it expands, every time it is 
dried it contracts; every time it.is moistened again it expands a 
little bit farther, so that-each time it gets thicker and thicker, 
until finally it so fills the space between the pin say and the poree- 
lain, or between one porcelain shield and the other, that the 
natural temperature expansion will cause a crack in the porcelain. 

Now as a matter of fact part of the trouble in recent years has 
been due to this expansion effect. Naturally, the test will not 
show that. There is a perfectly good porcelain insulator, when 
it leaves the factory, that has been broken by temperature effects. 
That fact, however, does not detract in any way from the desir- 
ability that Mr. Lapp has emphasized here of an over potential 
test.. When we get rid of the large number of the troubles due 
to expansion of cement, then it seems to me it becomes necessary 
to make refinements of over-potential tests. 

As Mr. Skinner has pointed out, any sort. of test is going to 
eliminate—any sort of severity in test is going to eliminate more 
porcelain, and it has.to be paid for; but I think it is a very good 
investment. The whole question, which has been under dis- 
cussion for years, is what is a reasonable, proper test. The near- 
est we can come to it in my estimation is to say what are the 


.strains put on an insulator in. practise. The principal dielectric 
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breaks down it is the least of their troubles. 
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strain comes from lightning. Lightning may be of low frequency, 
but it is more liable to be of high frequency, therefore some 
transient test, or some continuous test with the higher are-over 
value should be applied—some continuous test which is equiva- 
lent to a transient test. 


The nearest I could see to the proper test was to apply a very 
sudden test, either by the oscillator or by the impulse test, which 
would be equivalent to lightning. There has been discussed 
many times the question of whether it does not damage the porce- 
lain. Just to conclude the matter, compare this situation, an 
insulator that is tested equal to are-over value, that porcelain, 
at the instant that the test ceased, may be at the point of 
puncture. It has been damaged, it would have punctured, say 
if the test had been continued a few seconds longer; therefore, 
there is a piece of porcelain that is damaged and put on the line. 
Now consider the over potential test, a test at say twenty per 
cent above arc-over values. That insulator may also be just 
ready to puncture when the test is stopped, but you have that 
factor of safety, enough to protect the insulator from lightning. 

It seems to me therefore, that,. finally, the standard test will 
be some form—and it does not make any difference to me per- 
sonally—of over potential test as a perfectly proper test to put 
on the insulator. ' 


C. P. Osborne: This matter of insulators to the operating 
men reminds me of the small boy who didn’t know which school 
he wanted to go to. We will have four or five different salesmen 
come into our office and each of them will tell you the advantages 
and disadvantages of his insulator. One will tell you that por- 
celain must be thick, the next one will tell you it is in design, the 
next one will tell you that the curve is not just right—and the 
operating man is up in the air. I have been attending these 
conventions for about ten years, and as yet I don’t believe the 
manufacturers agree on types of insulators. Of. course, each 
manufacturer has his own ideas of these things, and each is the 
best according to his own ideas. 


I have had considerable experience with insulators in a country 
where we have no salt air, but we have great differences in at- 
mospherie conditions—a great deal of rain, then sunshine, then 
fog (of course it only rains once in a while in Oregon); but we 
have had considerable trouble with. different types of insulators 
in our operation, and it seems to me that manufacturers and 
operating engineers are not close enough together, It is a serious 
problem. . Right now we are endeavoring to build a line, and the 
economic-question in building the line is what type and form of 
insulator to use. We have to calculate the cost from many 
angles to arrive at the economic figure for this. You can go to an 
expense which would be prohibitive. The operating man has 
to keep his expense down. The manufacturer must manufacture 
something that the operating man can afford to use, but the 
manufacturer must charge a price at which he can deliver an 
insulator that will give the. operating man service. Service is 
the first thing. we must get. Public service corporations are 
simply the tools of the public; you cannot give the public an 
excuse for a shutdown. They are educated to the point where 
you must give them continuous service, and when an insulator 
We ean say, well 
the manufacturer thought he had insulators that would not break 
down. Of course, several reasons might cause the insulator to 
break down. ‘The boys might shoot it, for instance; and some- 
times small checks in the enamel will occur which allow moisture 


to get into, the porcelain. These checks may not be visible to 


the eye without a magnifying glass. The reason for this I do 
not know. I don’t want to place the blame on any one manu- 
facturer; I find it on most any insulator we have, and we have 
several different makes. | — 

I do feel that there isnot enough cooperation between the 
operating man and the manufacturer. Somehow.it seems to me 
that a change ought.to be brought about through closer study of 
operating conditions. It is. the same thing in operation as it is 
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in manufacture. It may be that no two operating men will agree 
on the same subject; but we are vitally interested in this insula- 
tor game. I do feel great strides have been made in the manu- 
facture of insulators in the last few years, and I am beginning to 
feel the weak spots in our system are not so much on the line as 
formally. 

R. J. C. Wood: If it can be proved that we are going to get 
better insulators for the money, the proposed method of testing 
will be justified. 

I agree with Mr. Fortescue as to the statement of Mr. Lapp 
that we will get surges in practise more severe than the highest 
test we would ordinarily put upon an insulator. If such a 
condition existed I would consider’ the line to be under insulated. 

The whole matter is a question of economics. We will pay 
extra money for good insulators just so long as we get our money’s 
worth and no longer. We have had some small experience with 
this testing device of Mr. Lapp’s. They sent us out some of the 
porcelain to test and we tested a number of insulators. Many 
of the punctures that we got with this method of test were some 
little distance out from the cap, approximately half way between 
the cap and the outer diameter of the porcelain. Presumably, 
as Mr. Lapp suggests, the insulator was not designed for this 
particular form of test, and to meet the more severe condition 
imposed by this test the porcelain would have to be thickened 
out towards the edge of the insulator. Whether that would 
actually be required to take care of the stress that occurred 
normally on the line, I rather doubt. It might be putting 
material in a place where it was not necessary on account of line 
stress in order to make it pass this particular, special test. How- 
ever, another few ounces of clay in the insulator does not amount 
to anything in the matter of cost. There has been a good deal 
of talk in the past as to the possibility of damaging an insulator 
by subjecting it to excess electrical tests—and presumably a 
feeling that an insulator can be tested with a certain potential of 
less than puncture value with resulting damage. Perhaps some 
of those present can tell us the nature of that damage, what it is 
that happens in the porcelain that takes some time to come to 
fruition. 

On the Big Creek lines we have got quite a number of insulators 
—there are some 7000 towers, suspension towers with twenty- 
seven dead-end towers with one hundred and thirty-two insu- 
lators on each; and there is a great percentage of those dead-end 
towers, so there are a great many disks on the line. We have 
kept records of every individual insulator that is meggered and 
its location in the string on each line, each phase, a, b, and c on 
each tower, and the date and a few other things. All these data 
were taken for the last three years and punched on cards; then 
run through the machine and the information segregated in any 
desired manner. 


The analysis of insulators that show low on the megger shows 
that in the suspension strings a vastly greater percentage of the 
top units proved bad, the ones nearest the tower. The first 
thought was, that in Southern California the sun which shines 
there has been shining on these top units on and off every day of 
course, and expanding and contracting them, and that is the 
reason why they have failed so much more than any others in the 
string. But we found that in the dead-end insulators which lie 
in a horizontal plane and all get the sun alike and the same thing 
is true, it was the one nearest the point of suspension at the tower 
which proved bad in the greater percentage. The one showing 
the next highest percentage was the one next to the conductor. 
Of the others there was nothing to pick, they all showed about an 
equal percentage of failures. 

This at once began to have the ear marks of a mechanical 
failure. There is a good deal of vibration on these lines, and it 
was a sort of crack the whip performance, the one nearest the 
tower took the brunt of the shock. It seems that there is a great 
deal of room for research on the strength of porcelain and insula- 
tors under repeated alternating stresses. We are starting some 
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work on this latter phase of the question and rigging up a small 
span about twenty-five feet long with a dead-end insulator at one 
end similar to the insulators on the Big Creek line, with a tension 
arrangement on the other end, so that this twenty-five feet of 
cable may be stressed to the same amount as the actual line. 
A motor driving an eccentric connected to the centre of the span 
will keep it in violent vibration back and forth. We hope to 
discover whether such a vibration has any effect upon any insu- 
lator, and whether it picks out the ones nearest the point of 
support in the same way that often happens on the line. If so, 
we will have started on the road to discovery of some of the 
causes of most of these failures. 

There is need of an insulator of greater mechanical strength 
so that we can increase the size of our conductors. The amounts 
of power now transmitted are becoming so large that the corona 
limit is not going to be the determining factor in the size of a 
conductor but we will go above the corona limit of size in order 
to cut down line loss. And this all ties in with the question I 
raised before, as to whether it is not a mechanical weakness that 


is responsible for the greater part of these insulator failures. 


Alan W. Eshelby: Mr. Wood has asked the question 
“What happens during the flashover?” I don’t pretend to 
stand here and tell you what happens, but I would like to sug- 
gest a possible means of finding out what happens during the 
flashover. To the best of my knowledge, the method I will 
describe, is not in use commercially at the present time. 

I have been interested for a number of years in photography 
and it occurred to me that the use of quartz in the camera in 
place of the glass lens might be of some advantage in photograph- 
ing incipient corona. I therefore had such a lens ground and 
equipped my camera with it, but as I was not in a position to 
make standard laboratory tests I had to be content with taking 
photographs of flashovers on generators in actual service. I 
made these photographs using two cameras. One camera 
equipped with a standard Jena glass lens, the other equipped with 
a lens ground from natural rock crystal. Both shutters being 
arranged to operate simultaneously. In practically every 
instance there was no similarity in the photographs. 


Quartz as you know, is transparent to the ultra violet end of the 
spectrum, while glass is absolutely opaque. The photographic 
emulsion is more keenly sensitive to the ultra violet end than the 
visible end. In fact the ordinary photographie emulsion is 
sensitive from approx. 3250 A to 6000 4 and certain special 
emulsions have even a greater range. 

The Westinghouse Company has developed for use in special 
tests, a high-speed camera which takes a series of photographs 
rapidly succeeding each other (not a motion picture camera) 
all exposures being made on one plate, unfortunately Mr. Legge, 
who designed the camera, has used a very cheap achromatic 
lens in this camera and I feel that here is a case where the quartz 
lens would tell an entirely different story. 'To those who are 
interested and wish to experiment along those lines let. me 
suggest that they use natural rock erystal and not synthetic 
quartz, remembering that the speed of quartz is approx. seven 
times that of glass. 


W. D. A. Peaslee: There are several points in Mr. Lapp’s 
paper with which I believe it is necessary to take issue. The 
first sentence of his second paragraph is a little bit misleading, 
as he has not specified the frequency of flash-over voltage, or the 
frequency at which the impulse ratio is taken; obviously it 
would not be correct to use a flash-over and impulse ratio, taken 
at different frequencies in this way. 

The last sentence of this second paragraph I agree with most 
heartily and believe that it cannot be too strongly impressed 
upon the manufacturers and users of porcelain insulators. 

In regard to his remarks about the effect of immersing the 
insulator in oil for testing, I believe he has omitted the most 
important result of such an immersion; that is that the different 
dielectric constant of the oil distorts the flux, the dielectrie flux 
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producing an entirely different distribution over that encountered 
in air. On page 492 he makes the statement that the high-fre- 
quency test adds but a few per cent to the voltage available to 
test the dielectric strength of the insulator. I believe this state- 
ment is entirely unwarranted, as my experience in a good many 
years testing in this particular field, indicate that an increase 
in the neighborhood of 30 per cent can be so secured under con- 
stantly stable conditions. 


The overpotential test discussed by Mr. Lapp is not at all new 
and while I do not know who originated it, I do know that it has 
been known to advanced workers in this field for ten years or 
more and has been abandoned by some of them for rather 
definite reasons, most important of which are that it protects the 
petticoats of the insulator from the searching effect of a high- 
frequency test and that it distorts the field around the insulator, 
making the test not at all representative of the conditions under 


which the insulator will be forced to operate on the line. I. 


believe it is fundamentally wrong to run a routine test on any 
apparatus that is radically different in conditions from those 
which it will encounter in practical operation. 

I am very much amazed at his statement that the insulator 
does not get hot under this test; as my experience of this test 
a good many years ago indicated a rather decided rise in tem- 
perature of the samples under test. 


I am also very much astonished at the claim that the surface 
digestion of porcelain is due to a lack of penetration of the dielec- 
tric stress. I believe that it can be conclusively demonstrated 
that this digestion is entirely a temperature effect and is due to 
the extremely high temperature of the corona streamers. I 
cannot conceive of any lag in the establishment of the dielectric 
field of an order of magnitude necessary to make this claim sub- 
stantially correct and I believe that the heat absorbed on sus- 
tained high-frequency stress, is entirely an energy function, due 
to the characteristics of the porcelain as a conductor of the third 
class wherein the current voltage characteristic changes from a 
positive to a negative value at some particular current density. 
I do not believe the data available warrant the assumption that 
this phenomenon mentioned can be compared with the skin effect 
in a solid electric conductor. In regard to his specified limits, he 
states that when the overpotential test is applied instead of the 
above final tests, it removes the units most likely to fail in service, 
I would like to ask if he has submitted the units that have re- 
ceived these overpotential tests, to a subsequent high-frequency 
test, and if so what results were obtained. 


I believe that fundamentally there is no such material as a 
true dielectric of dimensions greater than atomic distances. I 
can conceive of dielectrics such as a chain of hydrocarbon link- 
ages wherein the displacement of electrons from their attend- 
ing nuclei within the atom, could be transmitted over the 
space occupied by several atoms, but as the range of atomic 
forces is of the order of one Engstrom unit, I cannot con 
ceive of a substance consisting of isolated atoms or mole- 
cules functioning as a true dielectric. It seems much more 
tenable that these insulating materials are conductors having a 
variable current voltage characteristic, which changes at some 
point from positive to negative and that their destruction, instead 
of being a dielectric rupture, is merely due to the fact that the 
current density has passed the critical voltage point and a further 
increase of current can result without an increase of applied 
voltage, or even with an attendant decrease in the voltage drop 
across the conducting path. 

I believe if this theory is applied to the behavior of our insu- 
lating materials, a great many of the seeming discrepancies we 
are accumulating, will be explained and we can appreciate more 
exactly the fundamental mechanisms of failure of insulating 
materials under applied voltages. 

G. W. Lapp: It is gratifying to hear a note of acceptance 
of the overpotential test, in principle at least, by most of those 
who have contributed to this discussion. 
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Practical economic considerations may set a limit to ones 
enthusiasm in actually applying such a test to his product but 
the demand for continuity of electric service should justify 
higher standards among users of insulators. 

Definite improvements in the quality of insulators in the last 
few years have made it possible now to adopt this overpotential 
test as a routine test at a slight difference in price. 

Among the various points brought out in the discussion no 
fundamental objection to the overpotential test has appeared. 

Mr. Fortescue has noted some of the phenomena of the high- 
frequency and 60-cycle flashover tests and seems to be impressed 
with their severity but mentions the difficulty of obtaining values 
for the impulse effects. Admittedly the deafening and stupefy- 
ing effects accompanying these flashover tests are extremely 
spectacular compared to the quiet intensity of a full wave over- 
potential test but it takes more than noise and ozone to puncture 
questionable porcelain. It is quite possible to take the units 
from those spectacular tests and knock out four to six times as 
many more by applying 120 per cent overpotential. 

When flashover occurs on the rise of the 60-cycle voltage wave 
the heated path of the spark partly lets down the voltage for the 
remainder of the half cycle. The higher frequency oscillations 
are superimposed on a lowered base and the few fine peaks 
that rise from the damped train seem to have small power to 
puncture porcelain. ; 

In assuming that the insulator in service may be subjected 
to a condition as severe as flashover test I had in mind a string 
of insulators with some of the units punctured. Lightning would 
then cascade the sound units subjecting them to full impulse 
filashover voltage. Mr. Fortescue has small respect for nature 
when he conceives that the flashover test is ‘‘many times more 
severe” than such a cascading impact. 

Professor Creighton’s estimate that over 90 per cent of the 
troubles in insulators are due to absorption of moisture by the 
porcelain is in harmony with the conclusion of the excellent 
paper by Farr and Philpott which is open for discussion. The 
porosity of porcelain may be due to improper materials, to under- 
firing or to overfiring and is by far the most subtle factor in 
insulator manufacture. Porous porcelain may be sufficiently 
low in dielectric strength to inerease the losses by puncture even 
on the usual flashover test. 

The most important function performed by the overpotential 
test is to eliminate most -of this porous material before it is put 
on the line. As an ultimate safeguard against absorption we 
glaze our porcelain all over. 

The evidence of destruction of insulators because of expansion 
of Portland cement in the joints is not conclusive. In fact the 
existence of numerous regularly spaced vertical cracks around the 
cement joint of pin type insulators appears to give direct evidence 
of shrinkage of the cement. From an examination of many 
old insulators including some unbroken glass insulators, through 
which these shrinkage eracks could be clearly seen, one would 
conclude that shrinkage of the cement rather than expansion 
is typical. 

One of the insulators examined for these cracks was broken 

apart exposing the flat top of the second shell the surface of 
which was pitted because portions of the porcelain had been 
erumbled off and were found adhered firmly to the adjacent 
cement. This was an extreme case of disintegration evidently 
due to absorption of moisture and freezing. It gives some idea 
of the internal forces that may be present in porous porcelain 
which help the force of thermal expansion or contraction to 
erack the piece. . 
_ The crazing of the glaze on single fired bodies such as insulators 
is unusual, when crazing does occur as on dishes it is of a coarse 
pattern easily seen. It would seem that Mr. Osborne has 
detected a microscopic form of crazing that has hitherto escaped 
observation. Even devitrification would not be expected to ~ 
oceur in the type of glass used for insulator glazes. 

When Mr. Peaslee comes to witness this test he will be dis- 
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mayed to see the pittiless manner in which it punctures defects 
in petticoats and shells as mentioned by Mr. Wood. In fact 
it is preferable to seal the outer lips of the shell only to save the 
petticoats from puncturing. It might save years of misdirected 
effort if some of the advanced workers known to Mr: Peaslee 
would publish results of their tests. 

The very moderate temperature rise exhibited by hard fired 
disks after several minutes application of 120 per cent of flash- 
over voltage must be due to low losses both within the dielectrie 
and in the corona enveloping the surface. For porcelain having 
an appreciable power factor the heat due to internal losses on 
this test is rapidly cumulative to quick puncture because there 
is no cooling medium as in the immerzed oil test to prevent a 
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rise of temperature. The low temperature of the corona ap- 
pears to be due to its intensity which causes a high degree of 
uniform ionization and high conductivity of the air. As the 
current traversing this low resistance corona is only the small 
charging current required by the dielectric the ohmie loss is 
probably very small.- By preventing the hot concentrated 
flashover streamers the major source of heat is eliminated. 

A number of units that had passed the over potential test 
were given the high-frequency test with maximum severity of 
application. without puncturing any of them. The greater 
number of punctures caused by the overpotential test doubtless 
includes the same insulators as would be punctured by the 60- 
eyele and high-frequency tests. 


Failure of Disk Insulators on High-Tension 
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brought out at several Institute meetings at which 
papers dealing with disk insulators were dis- 
cussed, that although much successful research labora- 
tory work has recently been done to determine the 
electrical and mechanical characteristics of insulators 
of this type, there is available practically no accurate 
information showing the actual operating performance 
of such insulators during a period of years. Having 
recently compiled certain information of this kind I 
take pleasure in making it available to the profession 
in the hope that those members who are engaged in 
the field of ceramic research may find it of interest and 
possibly of some assistance to them in their work, 
from which I hope will soon be developed a disk in- 
sulator possessing greater mechanical and electrical 
strength than any such insulator at present available. 
The laboratory results of several well known in- 
vestigators, among whom are Prof. H. J. Ryan of 
Stanford University, and Mr. F. W. Peek, Jr. of the 
General Electric Company, have definitely determined 
the voltage gradient curves and electrical stresses 
existing in disk insulator assemblies consisting of a 
number of disks of the same type. Their results 
show that in an unshielded assembly of seven cap-and- 
pin type disk insulators with a voltage to ground of 
61,000 volts, the voltage gradient curve will be as 
givenin Fig.1. From this curve we see that the poten- 
tial drop across the various disks ranges from a maxi- 
mum of 14,000 volts across the disk nearest the con- 
ductor to a minimum of 6500 volts across the third 
disk from the tower or grounded end of the assembly. 
Investigation has also shown that the voltage gradient 
for the third of the assembly nearest the conductor is 
greater than the gradient for the surrounding air that 
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of the middle third of the assembly is approximately 
the same as for the air, and that of the top third of the 
assembly is less than that for the air. As.a result of 
this condition there is a leakage of current from the 
disks of the lower third of the assembly to the air, and 
from the air to those of the eB RDEE third. 


NUMBER OF FAILURES pte 
200 300 


0 100 


DISK NUMBERS 


0 5 10 15 20 25 
KILOVOLTS 
I—VouTacre GRADIENT AND Rate OF FAILURE CURVES 
For Seven-Disk AssEMBLY, UNSHIELDED 


Line Voltage 105,000 
Voltage to Ground 61,000 


Fic. 


Now consideration of the facts that the leakage 
resistance is not uniformly distributed along the 
assembly, and that the various units and the surround- 
ing air are subjected to unequal electrical stresses, 
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resulting from the unequal potential drop across the 
various disks, would lead-us to believe that the disk 
adjacent to the conductor should fail most frequently 
and that the rate of failure of each of the seven disks 
in the assembly should bear a definite relation to the 
intensity of the electrical stresses to which that par- 
ticular disk is subjected. However, an inspection of 
the tabulated results given in Table I, II and III, 
covering nine years of actual operating experience, 
shows no such relation existing between the rate of 
failure and the electrical stresses to which the disk 
are subjected as determined in the laboratory. Indeed 
these tables show that with the exception of disk No. 
2, disk No. 1, the disk nearest the conductor, has the 
lowest rate of failure in the assembly, and that with 
the exception of No. 2 disk this rate increases with the 
position away from the conductor until the highest 
rate of failure is found for the No. 7 disk this being 
the one attached to the tower. I would very much 
like to have someone more familiar than myself with 
insulator research and high-voltage phenomena fur- 
nish a theoretical explanation of the observed results 
as embodied in Tables I, II and III. 

The tabulated results given in the three tables are 
based on the operation of a 100-kv. double-circuit 
steel-tower line 97 miles long during the period from 
March 1912 to October 1921. 

The principal physical features of this transmission 
line are: Double-circuit steel towers 73 feet high, 
supporting two three-phase circuits of No. 1/0, six- 
strand copper wire; The three conductors of each cir- 
cuit are on the same side of the tower, the vertical 
spacing between these conductors is nine feet; the 
horizontal spacing of the two circuits is 15 feet for the 
bottom and the top conductors, and 21 feet for the 


TABLE I 
Failures located on test from 1912-1915 arranged according to location of 
disks in the assembly, disk No. 1 being adjacent to the conductor. 


Disk Top Middle | Bottom 
No. Wire Wire Wire Total 
oo (ea bag 6 
1 15 18 37 70 
2 6 10 25 41 S 
3 11 14 21 46 3 
4 13 13 16ND aie 42 : 
5 10 rl 17 38 1 
6 24 14 12 50 
Total 79 80 128 287 Cap and pin 


Dp 
six-disk assembly 


middle conductors; as originally built the horizontal 
spacing of the two circuits was the same for al three 
conductors but so much trouble was experienced with 
the wires whipping together when snow or sleet fell 
off the line, that in 1916 the spacing between the middle 
conductors was increased to 21 feet by putting a three- 
foot extension on each end of the middle crossarm. 
The average span length is 680 feet. The disk insu- 
lators used are of the cap and pin type manufactured 
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in 1911, and these insulators are consequently a 


TABLE II 
Failures located on test 1916-1921 arranged according to location of disk 
in{the assembly, disk No. 1 being adjacent to the conductor. 


Disk Top Middle | Bottom | Total 
No. Wire Wire Wire 2 
| 112 112 100 324 
6 
2 101 96 90 287 
5 
3 193 204 135 532 
4 
4 246 203 147 596 3 
5 237 210 181 628 2 
6 259 211 186 656 ! 
7 281 239 212 732 
Cap and pin 
Total 1429 1275 1051 3755 seven-disk assembly 


product of the early days of disk insulator man- 
ufacture. When the line was built, six of these disks 
were used on suspension assemblies and seven on ten- 
sion or dead end assemblies. However, so much 
trouble was experienced with these insulators failing 
on tension assemblies that in 1915 all cap and pin 
disks used in tension assemblies were replaced with 
tension assemblies made up of eight Hewlett disks, 
and the number of cap and pin disks used in all 
suspension assemblies was increased from six to seven; 
this insulation is used at present, although as seen 
from Table III, the rate of failure of the cap and 
pin disks is rapidly increasing. 

Tables I, IJ and III refer only to the cap and 
pin disks used on suspension assemblies, there being 
on this line a total of 4452 such assemblies consisting 
of a total of 31,164 disks. The failures shown are only 
those located on our annual insulator test; failures 
causing cases of line trouble, which are invariably due 
to lightning, are not included as very often in such 
cases when three or four disks show signs of having 
been punctured the entire assembly is replaced. The 
information contained in Tables I and II is similar 
but ‘t was necessary to separate it into two parts as 
the seventh disk added in 1915 was put in 
the position nearest the wire; the former No. 1 dise 
then becoming No. 2, No. 6 becoming No. 7 and so on. 
The small number of failures found in 19138, 1914 and 
1915 is due somewhat to the fact that the tests made 
during these years were not as thorough as those that 
have been made in subsequent years. 


TABLE III 


Failures located on test from 1912-1920 arranged according to years 
and location of disks in the assembly, disk No. 1, being adjacent to the 


conductor. Total number cap and pin disks on suspension assemblies 
31, 164, prior to 1916, 26, 712. 
Disc No. | 1913 {1914 | 1915 | 1916 | 1917 | 1918 | 1919 | 1920 | Total © 
1 14 26 30 54 51 41 42 36 | 294 
2 | 8 22 ital 21 20 44 22 69 | 217 
3 8 22 16 20 48 63 40 | 124 | 341 
4 9 23 10 26 44 85 60 | 127 384 
5 5 14 19 30 55 88 67 | 116 | 394 
6 3 23 24 Pat 52 88 40 | 160 | 411 
7 a oh Ae 43 71 || 103 42 | 170 | 429 
Total 47° | 130 | 110 | 215 | 341 | 512 | 313 | 802 | 2470 
% Total 0.2 O76 00; 40 OFF Bad) PBs OM 25 6 
No. Disks 
Note: 1921 Figures not included in Table III. 
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From Tables I, II and III we find that the rate of 
failure for the position of the disk in the assembly 
instead of being greatest for No. 1 disk and then in 
the order Nos. 2, 3, 7, 4, 6, 5, which theoretical con- 
siderations as deduced from the voltage gradient curve 
in Fig. 1 would cause us to believe should be the case; 
actually occurs in the order Nos. 7, 6, 5, 4, 3, 1, 2. 
This would indicate that the longest life is to be ex- 
pected from the disks nearest the conductor and the 
shortest from those at the tower or grounded end of the 
assembly. These results are exactly contradictory 
of the conclusions deduced by the writers of several 
recent articles based on their research work in connec- 
tion with disk insulator assemblies. 

Should further investigation and experience of 
operating companies show that the results embodied 
in Tables I, II and III are typical of the performance 
of disk insulators in service on high-voltage trans- 
mission lines over a period of a number of years, then 
it would appear that the present experimental efforts 
being made to distribute uniformly the leakage res st- 
ance among the disks of the assembly, by us ng shields 
grading the disks in the lower third of the assembly, or 
by other means, are misdirected energy and that the 
essential thing to be done is to devise some means 
which will increase the life of the disks in the top third 
of the assembly and particularly that of the disk at- 
tached to the tower. 

As previously stated, the cap and pin disks on 
whose operating pe formance the figures given in the 
tables are based were manufactured in 1911, and are 
there ore, undoubtedly inferior to the disks manu- 
factured today, since the porcelains now produced are 
superior to those of ten years ago. However, this has 
no bearing upon the. relative rates of failure of the 
various units in the assembly; since the only requisite 
for a fair comparison of these rates is that the disks used 
in the assembly shall be of uniform quality, and as all 
of the disks were manufactured by the same concern 
at the same period this should be the case. 

In closing it may be of interest to state that in 1915 
this company reinsulated several of its transmission 
lines, replacing the cap and pin disks with Hewlett 
type disks; and that the cap and pin disks removed 
were used to add an additional disk on some of the 
other lines, among them being the line concerning 
which the data given in the tables included in this 
articlewerecollected. From this it will be seen that the 
disks added on this line in 1915 were not new disks but 
ones which had seen previous service. Before being 
installed in their new position these disks were given 
a thorough test, the General Electric oscillator being 
used to make this test. Out of about 5000 disks so 
tested over 700 failed, and in 90 per cent of these the 
failure was found to result from the puncture of the 
porcelain inside of the cap, or just at the edge of the 
cap. In these disks the cap is cemented on and the 
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pin into the porcelain with neat cement, and as the 
coefficients of expansion of the metal cap and pin, of 
the cement, and of the porcelain are all different, it 
is my opinion that the so called aging and ultimate 
failure of these disks is primarily, a mechanical failure 
due to the gradual crushing of the porcelain inside of 
the metal cap by the varying compressive stresses 
to which it is subjected, these resulting from sudden 
temperature changes such as occur when a heavy 
shower falls on a hot summer day. Our experience 
with these cap-and-pin type disk insulators is that they 
deteriorate just as fast in storage exposed to the weather 
as when they are in service on the transmission lines. 
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Appendix 


Table II revised to include 1922 test: 
Test made June 10922 


Disk Top Middle | Bottom 

No. Wire Wire Wire Total 
1 148 138 134 420 
2 120 116 108 344 
3 213 235 164 612 
4 274 222 171 667 
5 272 233 203 708 
6 302 242 203 747 
7 315 268 235 818 


Total 1644 1454 1218 4316 


—— a 
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Table III revised to include 1922 test: Test made June 1lyzz 


Disk No.| 1913 |1914/1915|1916/1917|1918|1919]1920|1921)1922| Total 


1 14 26| 30] 54] 51/| 41] 42] 36] 100) 96 490 
2 8 22 11 21 20 | 44) 22) 69| 111] 57 385 
3 8 22; 16| 20| 48] 63] 40/124] 237) 80 658 
4 9 23; 10; 26| 44| 85] 60/|127| 254) 71 709 
5 5 14) 19| 30] 55] 88} 67/116] 272) 80 746 
6 3 23 24 21| 52} 88}! 40/160] 295) 91 797 
Ze Aad eas 43 71|103 42 |170)} 303] 86 818 
Total 47 130 | 110 | 215 | 341 | 512 | 313 | 802 |1572) 561 | 4603 
% Total . 
No. Disks O23 'D.5 (O4 CO STILL E64 2.0.12. 6), 5,4)2.8 
Discussion 


R. J.C. Wood: There is a very interesting thing in Table 3. 
In the early years we find that the No. 1 disk is the one which is 
failing to the greater extent, in 1913, 1914, 1915, 1916; and then 
in 1917 No. 7, which is the one nearest the point of support, 
usurps first place and keeps approximately that position, so that 
on the whole in these latter years it is the one nearest the point 
of support which shows the greatest number of failures. Now 
we all know that in the years 1913, 1914, the kind of insulator 
we were getting was very different from the insulators we get 
today; and that raised the question in my mind as to whether 
those early failures may not have been due to one cause—perhaps 
soft, porous porcelain, which was to be had in plenty; and the 
failures of the later years, when it is to be presumed that most 
of that poor stuff had been weeded out, have been caused by 
prolonged mechanical vibration. 

W. A. Hillebrand: Experience with insulators on this line 
has been extremely interesting. There are several points worthy 
of note. One is the extremely low rate of failure of insulators in 
the suspension position over a period of seven years. It is one 
of the very best that I know of, as you will see from Table 3, very 
much better than the records of many comparative insulators 
over the same period. The second is a comparatively high rate 
of failure of insulators in the dead-end position. so much so that 
I think after three years they were all removed in favor of another 
type. 

Now, I think within a year after the construction of this line, 
it was subjected to a heavy sleet loading such that over one sec- 
tion there was about one conductor break per mile, with about 
twenty conductor breaks all told. This meant that the dead-end 
insulators were practically all over-stressed, which may have in- 
fluenced their high rate of failure. This is particularly likely 
to be true, if as is my belief, many types of suspension insulators 
are operated under a false mechanical factor of safety, that is, 
the actual unit stresses are very often considerably higher than 
what is calculated. 

Ia the matter of vibration there is one case at least on record 
of an insulator having been practically pulverized from this 
cause. In another case of a transposition tower, imsulators, 
which were subjected to practically no weight whatsoever, were 
failing at such a rapid rate that it was necessary to add a very 
considerable weight simply to damp out the vibration stress. 

The question has been raised as to the reason for the peculiar 
shape of the curve shown in Fig. 1, that is the higher rate of 
failure of the insulator next to the conductor than that of the 
one above. It is to be noted that this paper is probably a 
record of insulators removed from all causes, as a result of line 
testing and of actual failure in operation. 

Poreelain is a heterogeneous, conglomerate material consisting 
of an aggregate and a binder. The mechanism of its failure is 
probably that of a slowly developing crack similar to the well 
known depreciation of tableware. As the bottom unit of a sus- 
pension insulator string has an operating potential considerably 
higher than that of any other unit it is conceivable that a deteri- 
orating insulator would at last be weakened to the point where 

it would be punctured by the operating voltage. For an equal 
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rate of depreciation this would occur more frequently in the 
ease of the bottom units than with the others. 

Porcelain is never completely annealed. Due to daily tem- 
perature changes it is subject to working stresses within the 
body of the material itself, independent of any which may be 
imposed by cemented hardware. These facts incline me to a 
belief in a gradual deterioration of the manner stated. Further- 
more, so far as I am aware, there is nothing in all ceramic experi- 
ence to indicate that a large percentage of insulators now being 
manufactured will not deteriorate at a slow rate. 


EK. E. F. Creighton: I want to take up that point that Mr. 
Wood asked, I think, and which bears directly on the subject, 
deterioration. In order to find out what was the matter I made 
two different kinds of tests; one I will mention at the present 
time. 

Hundreds of insulators were punctured. After each one was 
punctured the process was to take some red dye and with the 
vacuum on the opposite side of the punctured hole send the dye 
through the hole, then set the insulator aside to dry. It took a 
day or so usually—if you want to haveit done thoroughly. Then 
I take up the insulator and find what sort of puncture hole takes 
place. 


We found from those tests that nearly all the punctures were 
due to folds or defects in the porcelain. As soon as you break it 
to pieces you will find that the dye has run in little flat streaks 
in there so that the porcelain actually opened up and there was a 
big flat place in there. If a porcelain punctures because of 
porosity you will find the puncture takes the shortest path 
through the porcelain, that is, if the porcelain is three-quarters 
of an inch thick it will go straight through the three-quarters of 
aninch. In general, however, the path of the discharge is very 
much longer than the thickness of the porcelain, showing that 
there was a definite defect. 

The three ingredients, clay and feldspar and the flint in pro- 
portion, usually about five, three and two, are mixed with water 
in a large vat, and then it is necessary to get enough water out 
so as to get the clay in plastic form, that means going through 
a filter press, and the filter press takes out perhaps a little bit too 
much water. At any rate, these filter cases, about two inches 
thick, about two feet square are piled up one on top of the other 
and hammered down, and they are mixed as much as possible 
and hammered down in the pile and left for several days for the 
moisture to equalize, then they are put through a machine and 
thoroughly mixed up. Now during that process there are these 
little air pockets that may be in there, most of them to be sure 
eliminated or we would not have got good porcelain at all, but 
these little pockets do from time to time continue through all 
that process, and those are the little incidental conditions which 
make porcelain unreliable. 

Now those of us who have worked with porcelain realize that 
a perfect piece of porcelain is an accident. It is a craft and it is 
only a question of how great those holes are. 


Now, does porcelain deteriorate, is there any chance that we 
will ever get to a place where we can count on the poreelain for 
an indefinitely long time? In order to get some data on that 
subject I made up a large wheel that I have described elsewhere,. 
called the Ferris wheel. It would not pass in here—it would 
turn in this room. On the outside of that wheel insulators were 
placed, standard insulators. At the bottom we used a special 
cooling means to get the temperature down to twenty degrees 
below zero, Fahrenheit. At the top we put in heating units and 
resisters so that we could raise the temperature any desired 
amount. In between we had a cooling space of air. With that 
apparatus we could change the temperature of the insulator over 
a range far greater than it would have in practise. 

Now we put an insulator through that process, and assuming 
that twice around was equivalent to one year, we carried the 
insulators through dozens and dozens of years of life. The test 
was perhaps a little more severe than they would get in practise. 
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We have no very good way of determining whether there was 
deterioration there, but this much we can say that after they had 
passed through those many temperature changes, running it in 
and out continuously we could detect no deterioration of the 
poreelain. That gives hope that the porcelain does not deterior- 
ate, in fact to the contrary, for the well-known methods of manu- 
facture of porcelain it is my feeling that there is no deterioration 
of porcelain itself. The deterioration, as has well been pointed 
out by Mr. Wood, is mechanical. 


Ivar Herlitz: In the years 1914 and 1915, a large number of 
suspension insulators were installed on the 70-kv. transmission 
lines operated by the Swedish Board of Waterfalls. The design 
of these insulators was preceded by considerable research work. 
An account of the principles brought out by this research work, 
and of the operating results with the insulators, was recently 
published in the Swedish technical literature (Teknisk Tid- 
skrift, Jan. 1922). A brief summary of some aspects of this 
paper may be of interest in this connection. 

The essential principles for the design of these insulators were 
as follows: 


1. The porcelain was, as far as possible, relieved of tensile and 
shearing stresses; the possibilities for concentrations of the 
electrical field were reduced by avoiding all sharp corners. 


2. Cap, pin, and porcelain were cemented together in such a 
way as to allow the metal to expand and contract freely in the 
axial direction under temperature variations; stresses on account 
of radial expansion of porcelain, cement, and metal were elimi- 
nated by means of elastic cushions between the various parts. 


3. Certain experiments having indicated that. electrical 
phenomena in the cement might have a detrimental effect, it 
was decided to short-circuit the cement by means of.a conducting 
film on the porcelain, which film was connected to the cap and 
pin respectively. 

More than 70,000 insulators of this design have been in opera- 
tion for 7 years without showing any aging phenomena. Some 
20 units have been exchanged, but only on account of damage 
from ares. 

Experience has indicated that the short-cireuiting of the 
cement is of little importance, but the demand for this feature 
accidentally gave rise to an interesting experience. On the first 
insulators the conducting film was made of graphite, but on a 
later delivery, of which 8000 were put into operation, lead had 
peen used. Of these insulators, 15 per cent failed in a few years. 
An investigation showed that this was entirely due to the fact 
that the lead became oxidized and thereby greatly expanded. 
This seems to furnish a strong argument for the importance of 
taking care of the stresses caused by expanding cement. 

H. D. Panton: In reply to Mr. Wood I will say that we 
have never purchased any of the cap and pin disk insulators in 
question since 1911; replacements up to the present time having 
been made with disks removed from other lines when reinsulated 
with other disks. Disks so 1emoyed-are tested with the G. E. 
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oscillator, and those found good have been used for making re- 
placements on the line under discussion in my paper.- It is 
very probable that Mr. Wood’s conjectures with regard to the 
cause of failure of No. 1 disks in the years 1913 to 1916 are 
correct; that such failures were due to defective porcelain. 
However, it must be borne in mind that the tests made in 1913- 
14-15 were not as thorough as those which have been made in 
subsequent years. © 

Referring to Mr. Hillebrand’s remarks the average failure of 
suspension disks in ten years including 1922 has been only 
1.5 per cent per year. With regard to the high rate of failure 
of insulators in dead-end assemblies, these were so high, that by 
the end of 1914, when the line had been in operation for a little 
over two years, it was necessary to decide on a replacement of 
all these insulators used in dead-end assemblies with insulators 
of another type. 

The sleet storm referred to by Mr. Hillebrand occurred on 
April 1st-2nd, 1915, when this line had been in service for three 
years and we had already experienced so much trouble with these 
dead-end assemblies that we were preparing to replace them . 
with Hewlett disks prior to the time when this sleet storm occur- 
red. This storm caused the line to go down in over 40 places in 
a section forty-six miles long, practically all breaks being due to 
conductors breaking under the load of snow and ice; the snow 
and ice on the line was so heavy that a piece of No. 6 telephone 
wire measured in the storm area was found to be 9-in. in cireum- 
ference, that is inclosed im an ice and snow sheath nearly three 
inches in diameter. Comparatively few insulators were found 
to be defective after this storm when a routine test of all insula- 
tors of this line was made. On suspension assemblies only 0.4 
per cent of the disks were found defective. Figures are not 
available but I do not believe we found any large number of 
strain insulators which had failed due to the stresses put upon 
them by this storm. 

With regard to Mr. Creighton’s ‘‘ferris wheel test’’ I do not 
feel that two trips around his wheel produces stresses in the 
insulators equal to those experienced during a year of service 
on the transmission line.. I consider the most severe stresses 
experienced by insulators in this section due to temperature 
changes, to be those produced when a cold shower falls on a hot 
summer day. The temperature of the porcelain in the sun is 
around 120 deg. Fahr. or higher and that of the rain in the neigh- 
borhood of 60 deg. Such an experience as this will happen to all 
of our insulators at least 25 or 30 times each summer. The top 
disk is most exposed to an experience of this kind and we have 
thought that this was. possibly the cause why disks in this 
position failed with the greatest frequency. It is to be noted 
that the disks in discussion have no elastic cushion of any kind 
between the porcelain, the cement, and the metal. The cement 
being in direct contact with both the porcelain and the metal. 
Certain compressive stresses are. obliged to be set up due to 
temperature changes; whether these stresses are of sufficient 
intensity to rupture the porcelain, Iam not in a position tostate. 
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Reference to Methods of Test for Acceptance, 
Tests for Porosity and Deterioration. 
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Review of the SubjeCt:—Owing to repeated failures (the 
number of which increased as time went-on) of 66,000-volt trans- 
mission line insulators (pin type) of the first Hydroelectric under- 
taking, carried out by the New Zealand Government, in 1914, and 
having in mind that Hydroelectrical Power was to be developed to 
the utmost of the Dominion’s power resources—of which there are 
many—the investigations contained herein were commenced at the 
suggestion of Mr. E. Parry, B.Sc. M. I. E. E. late Chief Electrical 
Engineer to New Zealand Government, and has been continued for 
the past five years with the sanction and support of Mr. L. Birks, 
B. Sc. M. I. E. E. Chief Electrical Engineer to New Zealand 
Government, with a view to ascertaining the cause of such failures. 


It is the purpose of the paper to show 

1. To what extent deterioration has set in on the 66,000-volt 
line referred to. 

2. That the cause is guz to the fact that the insulators were 
initially porous. 

3. That tests at present in. vogue ith regard to Apia ee 
the porosity of insulator porcelain are totally inadequate, as the 
authors consider, immersion of the complete unbroken insulator 


-under_a pressure ranging from 1500 to 2000 lb. and the total 


amounting to 250,000 to 300,000 lb-hours the least that will give 
reliable results. 

4. That non-porous insulators can be made that will remain 
good in service for an indefinite period and withstand. perfectly 
the tests for porosity as recommended. 

§. That individual testing with high frequency seems to be the 
only reliable method for testing for dielectric strength. 

6. That a percentage test of each batch of insulators by the maker 
is unsatisfactory, because wnless each shell of each insulator, in 


the case of pin insulators, and each disk in the case of suspension 


'N this paper we propose to give an account of some 
investigations which we have carried out in con- 
- junction with the Public Works Department of 
New Zealand, with a view to obtaining some definite 
information regarding the causes of insulator deteriora- 
tion in connection with the Lake Coleridge electric 
power supply system. It is hoped that this may be of 
some service to those interested in the insulation of 
extra-high-tension transmission lines, which are to play 
such an important part in the hydroelectric develop- 
ment of this Dominion in the future. 
It is the experience not only in New Zealand but in 
other undertakings abroad, that the problem of pro- 
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insulators, is definitely flashed over before being put to service, then 
breakdown trouble seems bound to ensue. 

7. There ts room for more cooperation between the insulator 
manufacturer and the purchasing engineer in régard to acceptance 
tests and the handling and maintaining of the insulator in service. 
If manufacturers will not agree to the tests as recommended by the 
authors, being made in the factory, then in countries such -as this 
(New Zealand) whichis situated so many thousands of miles from 
the point of manufacture, a public testing bureau should be estab- 
lished where undertakings could be arranged for, such tests to be made 
as described herein, when the cost of replacing the failures should be 
borne by the manufacturers. 

8. That it has been found in New Zealand we have the necessary 
materials from which insulators can be and are being made, that 
will withstand the tests described equal to the imported wares. 
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ducing an insulator that will successfully withstand 
both electrical and mechanical stresses for an indefinite 
period, without deterioration or destruction, is one of 
the most difficult in connection with the transmission 
and distribution of electrical energy at extra high 
tension. 

It is proposed to describe in detail the tests and the 
results of these tests, on several types and makes of 
insulators, including those of British, American (U. S. 
A.and Canadian), New Zealand, Australian, and German 
manufacture. 

It is desirable to state briefly how the authors came 
to deal with such a variety of makes. 3 


Considerable experience has been obtained with 
insulator failures on the Lake Coleridge electric pawer 
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transmission line in this country, and at one time during 
the late war the position due to repeated failures became 
so acute that it was found necessary to purchase any 
makes available, having in mind that these investiga- 
tions were about to be made. It was hoped that a 
careful investigation would demonstrate the best type 
and quality of insulator to withstand the requirements 
of the heavy duty called for, involving dielectric 
strength, mechanical strength and durability. 


Fie. 


i1—SuHowine HiagH-FREQUENCY OSCILLATOR AND SAMPLES 
oF PuNcTURED INSULATORS 


The apparatus employed consisted of: 

(1) A 1000-volt 2000-megohm megger set. 

(2) A 20-kv-a. 100,000-volt 50-cycle single-phase 
testing transformer with a double-scale 100,000-volt 
and 50,000-volt Kelvin electrostatic voltmeter. 

(3) A General Electric Co. high-frequency oscillator 
set, capable of impressing 175,000 volts with spark gap 
for voltage measurements (See Fig. 1.). 

(4) In the hydrostatic pressure tests for porosity, 
a steel testing vessel with cast iron ends capable of 
containing a complete insulator of the largest size, and 
of withstanding a pressure of 2500 Ib. per sq. inch, with 
a high-pressure compressor capable of working up to 
this pressure (Fig. 2). 

The electrical tests were carried out at the Public 
Works Department test room at Addington, Christ- 
church, and the porosity tests at the Physical 
Laboratory, Canterbury College, Christchurch. For 
the latter purpose the special high-pressure vessel 
mentioned above was provided from a research grant 
received from the New Zealand Institute, the assistance 
of which is hereby acknowledged. ~ 

A detailed account of the vessel may be given, as it 
was eminently successful. After pumping up to a 
pressure of, say, 2200 lb. per square inch, it would 
frequently retain the pressure so well that it had not 
fallen below 1500 Ib. per sq. inch in four days, although 
no further pumping had been done in the meantime. 
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A hollow piece of cast steel 15 inches in internal 
diameter, 19 inches in external diameter and 20 inches 
long, was turned at both ends, and a narrow spigot was 
left about 14 inch from the inner edge and running 
round each end. This spigot was 3/8 inch high and 
about 3/16 inch wide. The spigot fitted with a cor- 
responding groove in the covers which was 1 inch deep. 
The groove and spigot were of such a width that a piece 
of leather sewing machine belting fitted the groove 
exactly in width. When the end pieces were screwed 
down, the spigot was seated upon the leather belting 
and made a satisfactory joint. The end pieces or 
covers were of good cast iron eight inches thick, and 
held on by 12 bolts each 2 inches diameter. When the 
pressure was first applied at about 800 lb. per sq. inch, 
it was seen that moisture was “weeping” through the 
bottom cover, but this righted itself probably by inter- 
nal corrosion and no further trouble was experienced. 

An illustration of this testing vessel isshown in Fig. 2. 

Under this test the amount of penetration is ap- 
parently proportional both to the hydrostatic pressure 
attained, measured in lb. per sq. inch and to the time 
of immersion. The authors, therefore, propose to 
measure the intensity of the test by the product of these 
two factors or by the ‘‘pound-hours” to which a square 
inch of the insulator has been subjected. 


Fig. 2—Suowine Larce Porosiry VESSEL USED FOR THE 
Tests Descrinep HEREIN, ALSO THE SMALL VESSEL IN RIGHT 
CorNER USED FOR THE HARLIER TESTS 


The usual test adopted was at a pressure of 1500 to 
2000 lb. per sq. inch applied for a period of seven days, 
z. e. for 250,000 to 300,000 pound-hours. We wish to 
insist strongly that the intensity of the porosity test 
to be of any value should be of this order. One im- 
portant firm claims credit for its insulators because 
they will withstand a porosity test at a pressure of 200 
lb. for 24 hours—i. e. 4800 pound-hours! In view of 
the prolonged exposure to the weather to which the 
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insulators are subjected in service, although only at 
atmospheric pressure, we consider that such a test is 
totally inadequate, in fact:that any porosity test of less 
than 200,000 pound-hours is comparatively useless. 

With regard to the efficiency of testing with high- 
frequency oscillations as compared with low or working 
frequency, the former gives, in the authors’ opinion, 
much the more searching and reliable results. 

After the Lake Coleridge 66,000-volt transmission 
line had been in service about two years, the insulator 
failures became so frequent that it was decided to test 
each insulator of the remaining stock of 500 individu- 
ally, so as to insure that those used to replace the 
failures were reliable and good, and for this purpose the 
high-frequency oscillator was used. 

The original consignment of insulators was imported 
in 1918 and this stock of 500 replace insulators was 
obtained in 1915 and stored in the open. They had of 
course withstood the makers’ factory tests, but on 
being retested two years after delivery, during which 
they had been exposed to the weather in the works yard, 
no less than 43 or 8.5 per cent were found by individual 
tests to be defective. In several cases these insulators 
were of porous material, and had absorbed moisture 
during the period they had been in stock, as was proved 
subsequently. 

Each of these replace insulators as it was tested, was 
numbered and its position on the lines when put into 
service was recorded, and although over five years have 
elapsed since these precautions were commenced, and 
over 200 breakdowns due to insulator failures have 
occurred, and over 500 insulators have been replaced, 
not one of the tested insulators has yet given trouble, 
which shows the efficacy of the method of testing 
individual insulators after they have been exposed 
to the weather in stock for a couple of years, thus 
weeding out porous ones. The main cause of deteriora- 
tion of the insulators that did fail was apparently 
absorption of moisture, and if porous insulators are 
detected and excluded, insulator deterioration will 
largely diminish. 

It seems to be the practise of some makers to test 
insulators with a set pressure at working frequency, 
from head to pin, and from these results to pass the 
batch or otherwise. We consider that this method 
is unsatisfactory, inasmuch as the faulty shells will 
not betray themselves (being protected by the good 
ones) unless each shell is individually flashed. 

Further, this flashing should be done by high-fre- 
quency pressure, for the authors’ experience has been 
that, where insulators have been guaranteed by the 
makers, as tested at a certain pressure, at low or working 
frequency, they have failed decisively when tested with 
the high-frequency oscillator at many thousands of 
volts below the guarantee. Others have with- 
stood the pressures named by the makers 
from head to pin on both high and low frequency; 
but on individual testing of the shells, some were 
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apparently mechanically perfect, but electrically were 
almost conductors, as will be seen later in the description 
of tests. 


METHODS OF TEST 


The following program of tests was adopted: 

(1) Measure insulation resistance of each shell with 
1000 volt megger; 

(2) Subject each shell separately to bare flash-over 
pressure at 50 cycles (working frequency) for 15 seconds; 

(3) Subject each shell separately to bare flash-over 
pressure at high frequency for 15 seconds (Fig. 1); 

(4) The complete unbroken insulator was placed in 
the porosity testing vessel and covered with a strong 
aqueous solution of fuchsin (Fig. 2). A hydrostatic 
pressure of 2000 Ib. per sq. inch was then put on the 
vessel, and the insulator remained immersed in the 
fuchsin solution under a pressure ranging from 1500 
to 2000 lb. per square inch for about a week, that is, 
until the number of pound-hours had reached 250,000 
or 300,000. 

As soon as convenient after removal from the porosity 
vessel the electrical tests were repeated, after which the 
insulator was broken up for signs of penetration. If 
the samples submitted withstood this complete set of 
tests without breakdown or signs of penetration, the 
batch was considered satisfactory. 

It is worthy of note that of twelve makes tested, 
samples of seven failed to pass the tests, which shows 
the necessity for special acceptance tests in all cases. 

It was impossible with the apparatus at our disposal 
to subject more than a very few individual insulators of 
any make to the hydrostatic pressure test for porosity. 
Some of the insulators so tested have been chosen to 
ascertain the cause of certain weaknesses previously 
known to exist; and the weaknesses have generally 
been found to be due to, or at least associated with, a 
band of porous material in the body of the porcelain. 
We consider, therefore, that if any of the few insulators 
in any batch that may be submitted for test are found 
to be porous, the whole of the batch should be rejected, 
and the maker informed that a repetition of such an 
experience would seriously jeopardize his chance of 
securing future contracts. 


MEGGER TESTS 

While the megger test has its limitations, yet it seems 
to be advantageous in connection with the hydrostatic 
pressure tests; in that, after the insulator has been 
under the hydrostatic pressure, it is possible to obtain 
with the megger definite indication of the condition of 
the shells; but the greatest care must be taken when 
testing with the megger, for. not only the humidity of 
the atmosphere, but even the handling of the insulator 
or the megger leads, will often tend to lead to wrong 
conclusions. 

When testing insulators with the megger—dry as 
received—it has been noted with a dry contact, however 
thorough, that results are by no means consistent, as itis 
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almost impossible to ‘‘wipe” the whole of the surface 
of the joints between shells with the contact lead, and 
if any portion is missed, a puncture path or porous 
spot may also have been missed owing to the high 
resistance of dry cement. 

It has therefore been found essential to cover the 
cement joints to a depth of about 1/16th of an inch 
with weak acid, which gives a sure contact over the 
whole area of the cemented joint, and more consistent 
results are obtained. But if high-frequency tests are 
to follow, the results of the high-frequency tests are 
likely to be misleading, unless the joints are thoroughly 
cleaned, because the oscillator cannot supply the C?R 
losses due to dampness without undue voltage drop and 
probably the voltage would not reach flash-over owing 
to the poor regulation of the oscillator. 

Humidity of the air, and human handling, are 
important factors when testing insulators with the 
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Fig. 3—INSULATION AND HvumMIpITYy 
Pin INSULATOR 


Curvies—66,000-V ott 


megger, and it is therefore only on the driest of sunny 
days that megger tests should be attempted. 

The curves in Fig. 3 give the results of megger tests 
on an insulator over a period of 20 hours during a day 
in early spring, and show that, in this latitude, it would 
not be reliable to test insulators with a megger outside 
the hours of 10 a. m. and 2 p. m. during certain seasons, 
or that megger tests should not be conducted when the 
percentage of humidity is much over 85. 

It would seem therefore, that where, owing to poros- 
ity, the insulator may be a partial conductor, as for 
instance an old insulator which has been in service some 
years, and with no other means of test at hand, the 
megger may be used to advantage, but with recently 
made insulators, being tested for acceptance, the megger 
test could be dispensed with. Factory inspection has 
reached a stage in which faulty insulators, that could 


so easily be detected, would surely never leave the. 


factory. 


FARR AND PHILPOTT: EXTRA HIGH-TENSION INSULATORS 


Transactions A. I. E. BE. 


HIGH-TENSION TESTS AT WORKING FREQUENCY 


When no other means are available, this method— 
provided each shell is separately tested to flash-over— 
is useful. 

This can be arranged where working pressure is 
available, and, provided each shell is tested separately 
at working pressure, the aggregate flash-over of the 
whole insulator may be assessed. 

To subject an insulator to working pressure, applied 
from head to pin, as an acceptance test is misleading, 
and the results are of practically no value. — It will find 
those which are defective in all shells—a state of affairs 
hardly to be expected with the present-day makes of 
insulators—but it will not betray any single’ shells 
that are faulty; and if there are any such, the seeds of 
trouble for the transmission line are sown. 

A section of three miles of the Lake Coleridge trans- 
mission lines runs in duplicate alongside a steam rail- 
road. After two years’ service, 12 insulators were 
taken down at random for testing purposes. In every 
one of these 12 insulators the inner shell of the four was 
completely coated with a black deposit, and a test 
showed the shells so covered to be conductors, and 
hence it can be reasonably assumed that the factor of 
safety of all insulators near the railroad was reduced 
by 25 per cent, due to this deposit. With mechanical 
troubles developing on the top shell, due to cable 
loading, cable clamps, etc.; the factor of safety is still 
further reduced, and if there happen to be one or two 
bad shells coupled with a mild surge due to switching or 
dropping of load, the insulator will break down so much 
earlier. - 

It is noteworthy that 47 or 19.8 per cent of the number 
(264) along the line of railroad have failed or had to 
be replaced during six years. A few of the breakages 
were mechanical but it is most probable some of the 
shells were “electrically down” before being put on 
the line. ; 

On one occasion, about one-half mile from the rail- 
road section, a single inner or fourth shell insulated 
the line for eight hours, the other three having punc- 
tured decisively.! This certainly could not have taken 
place on the railroad section, where each fourth shell 
was coated as described. 

It therefore appears that itis absolutely essential that 
all shells must be tested individually. 


TESTS WITH HIGH-FREQUENCY OSCILLATOR 
(Prof. E. E. F. Creighton’s Method) 

Where this apparatus is available, it has been found 
to be more effective in detecting faulty insulators, pro- 
vided they are dry and non-porous, but as stated pre- 
viously, to test from héad to pin, by running up to the 
full capacity of the oscillator set, is very misleading, 
although if two or more shells are “down” (which is 


chardly likely with the modern makes of insulators), 


then indications will be quite clear. 


1. Birks & Ferguson, N. Z. Journal of Science, Vol. 3, No. 
4, page 184. . 
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If a 300,000-volt set is available, then head to pin 
tests could be resorted to in order to save time, but it 
would still be very necessary to note that each shell 
must definitely flashover. 

With the present-day makes of insulators, where 
perfect vitrification is aimed at, the megger and low 
or working frequency tests could be safely discarded in 
favor of testing individual shells by high frequency, 
combined with a percentage subjected to the hydro- 
static pressure tests for porosity, for it has been found 
that where other methods have proved doubtful and 
some even shown the insulator to be apparently sound, 
the high-frequency pressure has shown them to be 
“down’’ at a comparatively low voltage. 

Some engineers are doubtful as to the advisability 
of subjecting insulators to “flashover’’ on high fre- 
quency before being put to service, fearing undue stress 
resulting in possible damage. 

Local experience tends to show that insulators so 
tested are quite undamaged, for upwards of 1000 
insulators have been so tested (7. e. each shell up to 
flash-over on high frequency for 15 seconds) and as 
previously stated, over 500 have been put on the lines 
referred to and, although nearly five years have elapsed 
since the first replacement was made and over 200 
breakdowns have occurred, not one of those so tested 
has yet failed electrically. One had to be replaced 
owing to damage due to rifle fire, but although mechani- 
cally damaged it was electrically as good as the day it 
was placed in service. 

The authors have a special insulator, which has been 
used for hundreds of demonstrations of Creighton’s 
Super Spark Potential Test?; and a certain suspension 
insulator which supports the high-tension lead of the 
high-frequency oscillator, receives full punishment every 
time the set is used, yet both these insulators are appar- 
ently quite undamaged. Suchauthoritiesas Creighton,’ 
‘consider that such tests are quite mild, and correspond 
to a rare case of switching and further are nothing more 
than the insulator may get in operation in due time;” 
and Peaslee,t states, ‘‘accumulated evidence of 
a large number of tests, covering combined electrical 
and mechanical tests, fatigue tests, and high-frequency 
tests, indicates such stressing has no effect whatever 
upon the properties of the insulators.” 

Many suggest, for safety, taking each shell up to 
bare working pressure only, but the authors have 
found in seven instances at least a pin hole or other 
fracture at or about 1 in. from the edge of the shell 
which it did not betray itself at bare working pressure, 
but at approach of flashover, the are concentrated 
at the point of fracture, and in less than one minute the 


2. Creighton, Insulator Testing, A. I. E. E. Journat, 
May 1915, page 765. 

3. Creighton, Insulator Testing, A. I. E. E. Journar, May 
1915, page 766. 

4. Peaslee, W. D. A., Insulator Pore., A. I. E. E. Journat, 
Vol. XXXIX No. 5, page 445. 
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shell cracked. These would have been passed on a 
bare working pressure test. 

The authors are therefore of opinion that it is abso- 
lutely essential to see that each shell should withstand 
flashover pressure at high frequency for at least 15 
seconds continuously. 


DETERIORATION 


On the Lake Coleridge transmission lines there are 
over 5000 insulators and over 800 or 16 per cent have 
had to be replaced in six years, either owing to failure 
in service, or to patrolmen’s observations of mechani- 
cal defects, and our experience indicates that this is 
due mainly to initially porous insulators, coupled with 
mechanical weakness. 

We have found from experiment and experience that 
porcelain can be made which is nonporous to the limit 
of the somewhat severe tests we have applied, and in 
that case, moisture will not get into it, whether the 
insulator be in service or otherwise. 


REPLACEMENTS PER MILE 


0 
1915 1916 1917 1918 1919 1920 1921 
YEAR P 


Fig. 4—Curves Suowine InsuLtators REPLACED ON TRANS- 
MISSION LINES 


Curves are shown in Fig. 4 giving the numbers that 
have failed in a fog or mist area, and we consider that 
there is no doubt that the cause is due to porous insu- 
lators, absorbing moisture to such an extent as to render 
some shells practically conductors, when attacked by 


- high-frequency surges or even at working pressure. 


No doubt many other bad insulators are on the lines 
in other areas, where fog or mist is not prevalent, 
and in course of time these will be weeded out by 
breaking in service. 

The diameter of the capillary tubes in even the most 
porous insulators we have tested is extremely small. 
In the first experiment we used fuchsin as the coloring 
agent, by which the penetration could be traced. Find- 
ing however, some difficulty in photographing the 
color, though it was strongly visible, we discarded it 
for the time being for red ink, or rather a solution of 
red ink powder in water. It was noticed, however, that 
it seemed extremely difficult to force the red ink¥into 
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the porcelain. A faint coloration was frequently 
noticed, but not such as might have been expected 
from the red ink. It seems likely that the size of the 
capillaries was less than 10-°cm. in diameter. It must 
be remembered that both capillary ‘suction’ and the 
tendency of moisture to condense in a capillary tube, 
increase as the diameter of the tube decreases. In the 
case of capillary ‘‘suction,” the effect is inversely pro- 
portional to the diameter. In the case of condensation 
the ratio of the saturation vapor pressure on a plane 
surface and in a capillary tube is given by the expression 


w 3.0 107% 
logi0 = ToC aS 


w 
where w is the saturation vapor pressure for the plane 
surface and w’ that for the capillary. 

Taking this latter effect, it is well-known that for 
capillary tubes, where the radius is 10-*cm. the satu- 
ration and vapor pressure on a plane and in such a 
capillary are very approximately the same, whereas 
for tubes of 10-7 em. radius 30 per cent humidity on a 
plane surafce would be enough to cause saturation of 
such a tube. 

It will therefore be seen that for the capillary tubes 
in insulators as we find them, the air is always prac- 
tically saturated, and if tubes exist whose size is greater 
than 10-* (the ordinary molecular size) and less than 
10-*, there will be a very strong tendency for moisture 
to condense, and it is this tendency, both owing to 
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capillary ‘‘suction’’ and to condensation, which we 
consider has been the cause of the deterioration that 
has been experienced. 

It cannot be too strongly emphasized that a porous 
insulator is certain sooner or later to give trouble. 
The pores of such an insulator consist of extremely 
fine capillary tubes, and the whole tendency of moisture, 
is to condense in such tubes, which never, even on the 
warmest day, a corresponding tendency for the mois- 
ture to evaporate. Thus the moisture is always in- 
creasing in quantity within the body of the insulator 
until a time comes when the insulator is electrically so 
much weakened by the accumulated moisture, that 
it punctures and serious trouble results. The authors” 
consider that no laboratory test for porosity, however 
severe, can be as drastic as prolonged exposure to 
the atmospheric conditions in all weathers. Any 
batch of insulators showing porosity should be rejected 
unhesitatingly, or trouble is certain in the long run. 

The observations made in the fog area referred to are 
interesting. The area extends from Christchurch, 
westward for a distance of 16 miles, and is no doubt due 
to the prevalent easterly winds blowing in from the 
sea, carrying westward the smoke particles of Christ- 
church, and moisture laden air from the sea. It is 
on these smoke particles that the moisture condenses 
and forms the mist in the region referred to. Further 
out than 16 miles the effect is not so perceptible. See 
Fig..4. 
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The two 66,000-volt transmission lines referred to 
were erected in 1914and have been in continuous service 
since 1915, and Table I shows the number of pin insu- 
lators which have failed in the consecutive years of 
service. 

This table is plotted in Fig. 4, and Fig. 5 shows the 
total replacements. 


INSULATOR REPLACEMENTS 
ny 
8 


ie} 
1915 1916 1917 1919 1920 1921 


1918 
YEAR 
‘Fig. 5—Curves SHowine INsutatorR REPLACEMENTS 


In addition to these, 72 suspension disks (12 strings 
of 6 each) used at anchor towers, were replaced as a 
result of the complete failing of two strings (12 disks). 

Dealing first with the pin type, it will be seen for the 
year 1919-1920 that over 360 were replaced due to all 
causes and 100 of these were selected at random and 
tested on the high-frequency oscillator. 

58 were found to be “down” on 2 or more shells. 

42 were found damaged on top shell only. 
therefore be seen that not even one per cent was elec- 
trically whole. 

36 of the suspension type were tested and 22 or 60 
per cent were found to be “down” and a test under 
hydrostatic pressure showed the porcelain to be of a 
porous nature. 

TESTS AND RESULTS—PIN-TYPE INSULATORS 


The following is a summary of the average results of 
many tests on insulators by various makers. 


Tables of Dry Flash-over Pressures in Kilovolts (high frequency) 
4-Shell and 3-Shell Pin Type 


Maker Shell No. 1 Shell No. 2 Shell No. 3 Shell No. 4 
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Maker A—66,000-Volt 4-Shell Pin Type. This 
insulator which had not been in service, was, after 
testing all right on each shell at both high and low 
frequency, subjected to hydrostatic pressure test of 
246,000 lb-hr. with an average of 1440 lb. per sq. in. 

After immersion, a repetition of the electrical tests 
showed the insulator to be as good electrically as it was 
before immersion, and when broken up, not the slightest 
sign of penetration could be seen. 

Maker B—66,000-Volt 4-Shell Pin Type. This 
insulator had been in service since 1914, but had been 
removed 5 years later owing to having shown signs of 
puncture on one shell on overhaul. 

Electrical test showed the shells to be in the following 
condition: 


Shell 1 Shell 2 Shell 3 Shell 4 
Before Immersion. O. K. O.K. Punetured O.K. 
After Immersion... O.K. Conducting Punetured oO. K. 


It will be noted that No. 2 shell failed under the 
hydrostatic pressure test, which consisted of 280,000 
pound-hours. 

After leaving the porosity vessel and undergoing the 
after-immersion electrical tests, the insulator was 
broken up and examined for penetration of the dye. 
Color was seen in the crown of the first shell, but the 
penetration was apparently insufficient to cause the 
shell to fail on the electrical test. The discoloration 


Fic. 6—SHowine on Ricut PENETRATION IN SECOND SHELL, 
AND ON Lert, Goop PorcELAIN WHICH HAS BEEN SUBJECTED 
TO.SAME TESTS 


of the second shell was most marked. It would seem 
as if the dye had found its way into the shell through 
the glazing, and as seen above, the tests showed the 
shell to be practically a conductor after the porosity 
test. 
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In the third shell, the only sign of penetration was 
found just around the small hole in the shell where 
puncture had taken place prior to immersion and was 
evidently the cause of the puncture. 

In the fourth shell, the porcelain was white and 
satisfactory throughout. It seems reasonable to as- 


Fia. 7—SuHowine Pirce SELECTED AT RANDOM FROM WHOLE 
INSULATORS 1 


Fia. 7a 


sume this insulator was sound as far as the factory 
tests could reveal when first put on the line, but had 
gradually deteriorated, owing to the material being 
initially porous. Fig. 6 shows the penetration in a sec- 
tion of shell No. 2 mentioned above. 
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Another insulator of the same type, by the same 
maker, had been on the line a year longer than the 
previous one, and was removed owing to a mechanical 
fracture having been observed, probably due to rifle 
fire or other external cause. Pieces of this insulator 
were subjected to a hydrostatic pressure of 280,000 
lb-hours, after which, when broken into very small 
pieces, not the slightest sign of penetration of the dye 
could be ‘observed. 


Fig. 8a—SuHowi1neG Piece or THE Top SHEi 


It is therefore reasonable to assume, that apart from 
the mechanical fracture, the insulator was electrically 
as good as when first put on the line and would have 
remained so indefinitely, had it not been replaced. 

Another insulator of the same type and maker (B) 
was immersed in water at atmospheric pressure for 
four years. ' ne 

The electrical tests made in 1917 before immersion, 
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showed the insulator to be good after flashover for one 
minute on each shell, at both high and low frequency. 

After leaving the tub, in 1921, the insulator was 
wiped and allowed to dry for one hour in the ordinary 
atmosphere after which it was, where possible, taken 
up to flashover on high frequency, with the following 
results: 


Shell 1 Shell 2 Shell 3 Shell 4 


Punctured under 50,000 volts. O.K. OFKS Oma 


It was then subjected to the hydrostatic pressure 
test of 290,000 lb-hours, after which it was again 
tested, with the same electrical results. 

On being broken up, no sign of penetration was 
visible in Shell No. 1. This was probably due to the 
fact that four years immersion had saturated the shell, 
and no more water (colored) could be forced in. 

Another insulator, by the same maker (B) which had 
been in service over six years and which had failed in 
service was subjected to hydrostatic pressure test of 
280,000 lb-hours and when broken up after leaving the 
porosity vessel the penetration was extremely marked 
throughout.every part of the whole four shells, it was 
impossible to find even a most minute part, where the 
dye had not penetrated. 

It seems only reasonable to assume, that this insula- 
tor let the line down; not-due to surge or the like, but 
simply that it had become impregnated with moisture, 
through being porous, and had therefore eventually 
become practically a conductor for extra-high-tension 
pressure (Figs. 7 and 7A). 

Still another 66,000-volt pin-type saeuiaton by Maker 
B, which had been in service for six years, and failed 
on no apparent cause, was subjected to the hydro- 
static pressure test of 280,000 lb-hours and when taken 
out of the porosity vessel and broken up, it was found 
that whereas two of the shells were the same as the last 
mentioned, 7. e., penetrated right through, the other 
2 shells were of quite good material. 

There seems no doubt that this breakdown was 
caused by the power arc tending to flash over the insu- 
lator, that the two shells were practically conductors, 
and therefore ruptured by being in the direct path of 
the arc, thus causing the complete wreck of the other 
shells. 

The individual testing of each shell as urged in this 
paper, would have obviated this trouble. (Figs. 8 
and 8A.) 

Maker C—66,000-Volt 4-Shell Pin Type withstood 
all electrical tests and showed no sign of penetration 
after having been through the hydrostatic pressure 
test. 

Maker E—66,000-Volt 4-Shell Pin Type. A firm 
which specializes in the manufacture of E. H. T. insu- 
lators, sent a special sample insulator which was 
expected to withstand any electrical tests applied, 
having withstood all the maker’s tests. 

Each shell was tested separately up to flashover on 
50 eyele pressure, which each shell withstood. 
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Each shell -was-then tested on the high-frequency 
oscillator, shells 1 and 2 withstood flashover satis- 
factorily, but No. 3 punctured decisively in the thickest 
part, under 40,000 volts. 

The puncture path was quite perceptible when the 
shell was broken up, and had the appearance of a seam 
of flint, which apparently had not been ‘‘found”’ by the 
low frequency test. 

If such results are obtained with a specially selected 
sample, what risk has an undertaking in accepting many 
thousands which have been passed by the maker, due 
to perhaps less than 10 per cent of their number having 
passed a mild low-frequency test? 

In fairness to the maker, it should be mentioned that 
all his tests were made on 25-cycle pressure and the 
whole insulator, after being subjected to the hydrostatic 
pressure test, showed absolutely no signs of penetration. 

Maker F. Another case of a world-known porcelain 
firm but not insulator makers, who desired to enter 
the electrical field, submitted a three-shell 66,000-volt 
pin type insulator for test. This insulator was guaran- 
teed tested, by certified authorities, to 125,000 volts 
head to pin. 

Each shell was taken up to flashover on 50-cycle 
pressure, which it withstood for two or three seconds, 
but on the high-frequency pressure, one shell only 


stood up to flashover, while the remaining two failed 


decisively under 30,000 and 40,000 respectively. 

The insulator was then subjected to the hydrostatic 
pressure test. The number of pound-hours submersion 
was 300,000 and the insulator was tested after immer- 
sion and showed the first shell to be satisfactory in so 
far as flashover was concerned. The application of 
high pressure completely wrecked the other two shells, 
and when broken up, signs of penetration of the dye 
were quite obvious in all shells. It is reasonable to 
assume, that had the hydrostatic pressure been kept 
on for a longer period the dye would have been forced 
right through, sufficiently to form a path electrically 
through the first shell. 

This again demonstrates the necessity for individual 
shell testing, because this insulator had been tested by 
authorities as good for 125,000 volts. This was true, 
because even after the insulator had been under the 
hydrostatic pressure test, it would withstand 120,000 
volts from head to pin. But should such an insulator 
be put on a line? And yet how many, in such a condi- 
tion are unwittingly put on a line? 

Maker D. A particularly good insulator by this 
maker, although it has only three shells, has nearly as 
high flashover as some of the four-shell type. 

It withstood all electrical tests satisfactorily and 
was then subjected to the hydrostatic pressure test, 
after which it also withstood the repetition electrical 
tests. It was further given Creighton’s super-spark 
potential tests on each shell for five minutes, and with- 
stood this test. On breaking up, not the slightest 
sign of penetration could be seen; and if the maker 
could only guarantee consistency, this insulator, by 
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virtue of its shape (Fig. 18) and quality of material, 
should make many friends, but as seen from the fore- 
going tests, purchasing engineers have reason to be 
suspicious, unless some guarantee is given that each 
and every shell of each insulator has been subjected 
to such tests as those described. 


TESTS AND RESULTS 66,000-VOLT SUSPENSION 
INSULATORS 


66,000-Volt Suspension Type 


Maker Flash-Over kv. 


110. 

98. 

88. 

80. 

80. Approx. 


b> Oo bt 
Wom pe” 


In addition to the several types of pin insulators 
tested, three makes and five samples of different shapes 
of suspension insulators were included in the investiga- 
tions, and the results have been that three samples or 
60 per cent failed to withstand the prescribed tests 
satisfactorily; the two that did withstand the tests 
coming from one Maker H who has undoubtedly 
specialized in this type and succeeded in attaining 
something unassailable in his product. 

The flashover pressures are given below, and it will 
be noted that apparently makers have opposite aims; 
Maker H having, in his latest product, increased his 
leakage distance, while Maker B in his latest product, 
has decreased his leakage distances as shown: 


Maker H. received in 1917 has flashover of 98,000 volts 


“ H : “ “ 192 1 “ “ “ 1 10,000 “ 
«“ B J 1 « “ 1914 “ “ “ 88,000 “ 
“ B “ 2 «“ «“ 1921 “ « «“ 80,000 «“ 


The product of Maker H has successfully withstood 
all tests, while that of Maker B has failed badly in both 
samples. 

Maker A, who has a reputation for pin insulators, 
equal to the best known, had failed up to that time in 
his attempt to produce a suspension insulator. There 
is an inherent weakness in the design, in that the insu- 
lator punctures much below flashover pressure, also 
the porcelain was found to be unmistakably porous, 
illustrating the fact that even the best of porcelain 
makers are inconsistent in their products in the case 
of new types or shapes. 

Maker B. (1). This supension insulator sup- 
plied in 1913 had been in service over six years, being 
one of a string of six which failed completely in service, 
from no apparent cause, just prior to the day load com- 
ingon. It wassubjected tothe hydrostatic pressure test, 
and on breaking up, after leaving the porosity vessel, 
it was found that the dye had penetrated to a con- 
siderable depth. (Figs. 9 and 9A.) From the above 
it can be reasonably assumed that the failure of this 
and the rest of the string of disks from which it came, 
was due to deterioration caused by the material being 
initially porous and moisture had gradually accumu- 
lated, until the material lost its insulating properties. 
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Maker B. (2). This was a new type supplied 
recently by the same maker who was seeking to redeem 
his reputation, which was seriously jeopardized, by 
results obtained from his earlier insulators. The sample 
withstood all electrical tests, both before and after 
having been subjected to the hydrostatic pressure test, 
and when broken up, no signs of penetration of the dye 
were observed, but a second sample, when tested dry, 
punctured decisively at 75,000 volts at 50 cycles. 

The two pieces of the broken second sample were 
subjected to the hydrostatic pressure test, and on break- 
ing up after leaving the porosity vessel, it was found 
that the dye had penetrated deeply at the weakest 
and most critical point of the insulator. This was 


Fig. 9—Piece or Suspension Insutator SHOWING MarKeEepD 
PENETRATION. Maker B’s Eariy Propuct 


Fig. 9a 


regrettable with such a recent production (1921), but 
certainly goes to confirm the author’s contention 
regarding individual tests (Figs. 10 and 104A.) 

Maker A. (3). 66,000-Volt Strain Insulator. This 
insulator apparently has an inherent weakness 1n its 
design, inasmuch as several samples, punctured de- 
cisively under 60,000 volts (flashover should be about 
80,000 volts). 

One of the unbroken samples was subjected to the 
hydrostatic pressure test, and when broken up, after 
leaving the porosity vessel, it was found that the dye 
had penetrated throughout the whole thickness, in fact, 
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this was amongst the worst material handled in these 
investigations, although as before stated, this maker’s 
material in the pin type productions, is unassailable 
and equal to the best handled by the authors. 

Maker H. 66,000-Volt Suspension Insulator. This 
maker claims to have produced a porcelain that is 
unassailable in that it is perfectly vitrified and will 


Fig. 10—SHowine Maker B’s Later Propuct IN SUSPEN- 
SION TYPE 


Fic. 104 


withstand any electrical, mechanical or porosity tests. 
The insulator was subjected rigidly to the whole of the 
tests mentioned herein, and after the porosity tests, was 
further given Creighton’s super-spark potential tests 
for five minutes. On breaking up, after having suc- 
cessfully stood all tests, not the slightest sign of pene- 
tration of the dye could be seen. 

It is this type of insulator that is mentioned under 
Tests with High Frequency Oscillators, and goes to 
show that insulators can be made that will success- 
fully withstand the tests shown, and there seems no 
reason why such insulators should not remain good in 
service for an indefinite period. 

Maker E. Sample (3). 33,000-Volt Pin Type Insulator. 
This insulator successfully withstood all electrical tests 


FARR AND PHILPOTT: EXTRA HIGH-TENSION INSULATORS 755 


both before and after having been subjected to the 
hydrostatic pressure tests, and when broken up, not 
the slightest sign of penetration of the dye could be 
seen; and the material was of a particularly good 
satin-like appearance. 

Maker G. 33,000-Volt Pin Type Insulator. This 
also withstood all electrical tests, successfully, both 
before and after having been subjected to the hydro- 
static pressure tests. When broken up, not the 
slightest sign of penetration could be seen, and this 
ranks as the finest sample of electrical porcelain seen 
by the authors. 


11,000 VoLT PIN TYPE INSULATORS 

The testing of these insulators is regarded as particu- 
larly important, because they are within the range of 
local New Zealand manufacture, and the difficulty and 
cost of obtaining imported insulators during the war 
made it important that local insulators should be de- 
veloped if possible. Investigations were made on those 
Aus- 


of two New Zealand makers (I and L) cne 
tralian (K) and one American (E). 


Fig. 11—Suowine Locat Propucts, on Lert py Maxer K 
(BAD) AND ON RIGHT BY Maker I (coop) 


(Very Bap) 


Fig. 1la—Locat Proptucr spy Maker K. 


Maker E. Sample 4. This insulator punctured just 
below flashover during acceptance test, and was sub- 
jected to hydrostatic pressuretest. Underthisitshowed 
distinct signs of penetration through the glaze, and 
particularly to a depth of about 14 inch on each side 
of the puncture path, which was through the thickest 


-part of the insulator, well down from the neck. Evi- 
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dently there was a porous seam existing where the insu- 
lator broke down. Three other samples failed in the 
same way out of thirty selected at random from a ship- 
ment of 30,000, indicating a very high proportion of 
defective porcelain. 

Maker K. A special batch of insulators by this 
maker failed to withstand even working pressure, and 
afew were subjected to the hydrostatic pressure test. 


Fig. 118-—Locat Propuct Bus-Bar Pinnar (VERY BAD) 


Fig. 11c—Locat Propwuct (VERY BAD) 


Figs. 11, 114, 11B and 11c show broken samples after 
leaving the porosity vessel. It will be seen that the 
dye had penetrated deeply through the entire body, 
hence their puncture atsuchalow pressure. Apparently 
in this case no effective factory test whatever could 
have been employed. |. 

New Zealand Manufacturers. The insulator by 
Maker I withstood all electrical tests successfully, 
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both before and after being subjected to hydrostatic 
pressure test, and when broken up showed no sign of 
penetration. Later insulators have given equally good 
results, and the quality of the porcelain has apparently 
improved, indicating that local manufacture of this 
type of insulator is quite successful. 

Another maker ‘‘L’’, after several attempts produced 
a very good insulator for use on low-tension work up 
to 500-volts, but for high-tension work failed distinctly, 
all his porcelain being porous. 


Fig. 12—Maxkxrr M. SHowine Marxkep PENETRATION IN 
APPARENTLY A SEAM OF Porous MaTERIAL ON RIGHT AND A 
DeEpTH OF ABOUT 14 INCH FROM INSIDE EDGE ON Lerr 


Fig. 12a—SnHowine SAMPLE oF HEAvity Guazep INSULATOR 
INTO WHICH THE Dyr HAS BEEN ForcepD THROUGHOUT THE 
Entire Mass 


Extra-High-Tension Bushing. A bushing for 66,000- 
volt circuits was supplied by Maker M—manufactured 
in England—who was seeking to enter the electrical 
field. It is assumed that the insulator was given some 
kind of test before being sent out such a distance, but 
on being tested electrically dry as received it punctured 
decisively in the thickest part, on approaching 40,000 
volts. On being subjected to hydrostatic pressure 
test distinct signs of penetration were obvious, the dye 
being forced through the glazing to a depth of nearly 


a 
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1/4 inch, and in the thickest part there was a distinct 
porous band, which had been apparently moulded with 
the insulator. Needless to say no further insulators 
were purchased from a manufacturer allowing such 
work to be exported. (Figs. 12 and 12a.) 

Shape of Insulators. The shape of high-tension pin 
insulators has undergone a radical change since 1917, 
mainly on the lines suggested by Gilchrist and Kline 
Felter (Electric Journal, Vol. 15, No. 11, page 445). 
The original type adopted in the Lake Coleridge system, 
Fig. 13, manufactured by Maker B did not give good 
results owing to the shells practically enveloping each 
other so that it was impossible for the weather or wind 
to clean the inner shells, thus lowering the factor of 
safety of the insulator. In later designs the shells are 
more open so that not only is the weather able to dis- 
place such deposits, but the planes between the shells 
follow more closely the equipotential surfaces, and the 
body of the insulator conforms to the lines of electro- 
static field as suggested by Gilchrist and Kline Felter. 


Maker D 


Fig. 13 


This improved shape, coupled with the real improve- 
ment and greater consistency in quality of the porcelain 
has effected a substantial improvement in the life of 
the high tension insulators. 

Glazing. Our experiments showed that glazing, even 
when over the entire shell of the insulator is no protection 
against impregnation by moisture. In the early stages 
of insulator manufacture apparently some importance 
was attached to the insulating quality of the glaze, 
and experience of puncture tests either in oil or in air 
tend to confirm this, in that when approximately the 


‘puncture value is reached, there is a definite time lag 


before the glaze starts to crack or craze, but when it 
does so, complete puncture quickly follows. Ap- 
parently then, the glaze has some value as a dielectric, 
but when once it breaks down it is no further protection, 
and when crazed, it is of course easily penetrated by 
moisture. Several of the figures herewith show pene- 
tration all along the glazed edges, indicating that the 
moisture must have entered through the glazed surface. 
We consider that our experiments demonstrate that 
glazing is no protection against the penetration of 
moisture, and that the insulator can be and should be 
made non-porous. Glaze should certainly not be put 
on to make good the defects of indifferent body material, 
and it will not do so. 
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General. The great importance of the transmission 
line insulator in the early construction days of most 
undertakings is usually lost sight of owing to the numer- 
ous urgent requirements of the rest of the plant, and 
as a rule, testing of insulators is left until trouble arises 
from breakdown on the transmission line. Extra- 
ordinary care is usually taken in testing the generators, 
water wheels, and other details, but the insulators are 
left to work out their own salvation, relying in some 
cases, quite without justification, on the makers’ 
guarantees. The usual method is to dump the crates 
of insulators in the yard or alongside the poles, and 
leave them there exposed to the weather until they are 
ready for erection. During this period any porous 
insulators will certainly become more or less penetrated 
with moisture, and unless the factory tests are very 
thorough, trouble will ensue sooner or later. The 
authors consider that their observations indicate that 
there is need for much more co-operation between the 
manufacturer and the operating engineer with the 
object of reducing the maintenance. — It is now general 
practise on the part of manufacturers to reduce as far 
as possible the stresses due to expansion and contrac- 
tion and temperature variations, and with this object 
various types of jointing material have been introduced 
between the shells, which are intended to take the 
stresses due to temperature changes, thus reducing 
the cracking of shells due to such stresses. 

Annual Overhaul. Annual overhaul on the trans- 
mission line is also very essential for the detection of 
defects not perceptible from the ground. This work 
of course has to be done as expeditiously as possible and 
in the best weather. 

SUMMARY 

From the tests and investigations described herein 
the following conclusions may be drawn: 

1. That insulators for extra-high-tension work, 
before they are put into service should be subjected 
individually in the case of suspension units and on each 
shell in the case of pin insulators, to flash-over pressure 
for a definite period at both high and low frequency, or 
at least at high frequency, either by the maker, or 
preferably by the purchaser after delivery, when the 
maker should be prepared to bear the cost of rejected 
ones, 

2. That a percentage of each shipment of insulators 
should be subjected to a hydrostatic pressure test at 
least as severe as that described herein. One manu- 
facturer describes his competitor’s specification for 
porosity as “a joke,’ and proposes instead a porosity 
test of 4800 Ib-hours; which appears to the authors 
to be equally a joke. ~ 

3. That insulators can be made and are being made 
that will not be overstressed by such tests, and which 
should remain good in service for an indefinite period. 

4. That a proportion of insulators supplied hitherto 
have been porous, and should be replaced at once by 
insulators that have been thoroughly tested. 

5. Extreme care should be exercised in the selection 


758 


of the type and shape of insulator, having regard to 
the form of electrostatic field and to the self-cleansing 
form of the insulator. 

6. There is room for more co-operation between the 
maker and the user in the matter of handling and main- 
taining insulator service. 

7. That in a country such as New Zealand where it 
is proposed to develop hydroelectric power to the 
utmost limit of its resources, a public testing laboratory 
should be established, where various undertakings could 
arrange for tests herein described, thus giving them a 
guarantee that the material received would be of the 
best quality, and eliminate the annoyance and mistrust 
engendered in the public mind by insulator breakdowns. 

We desire to express our most cordial thanks to 
Mr. L. Birks the Chief Electrical Engineer for the 
Dominion, for the support and help he has given us in 
this work. Much of the information contained in the 
paper is Departmental, and for permission to publish 
this we are indebted to him. 

Our thanks are also due to The New Zealand Institute 
which gave us the monetary grant which enabled the 
porosity tests described to be developed. 


Discussion 


W. A. Hillebrand: [ will confine my discussion principally 
to the paper by Messrs. Farr and Philpott. The energy and care 
with which they prosecuted this research is highly commendable, 
and the results are extremely interesting. On the other hand 
it is characteristic of a great deal of such work that an attempt is 
made to draw general conclusions from incomplete data. For 
example, the insulators on which they made their tests were 
evidently of very poor material. 

Another factor which they have overlooked, and which is very 
frequently overlooked in such a series of tests is the time-punc- 
ture characteristic of the material. That must be known fairly 
well before one can obtain definite results. Of any lot of insu- 
lators a small percentage will puncture at dry flashover voltage. 
This percentage depends upon the quality of the porcelain, and 
is proportional at least to the first power of the time the voltage 
is applied. This always enters as an unknown factor in any 
series of tests involving periodic applications of voltage. 

The insulators reported upon are of designs now largely obso- 
lete, which has a bearing on the question of time constants and 
the superior ability of an oscillator to puncture under test, which 
has been known for a number of years. A long, deep shell 
similar to the type used in the earlier pin-type insulators manu- 
factured ten years ago, may have a 60-cycle flashover of 50,000 
volts. Under an impact or oscillation that flashover will run up 
to seventy-five, eighty thousand—perhaps double. The design 
is such that when a steep wave front is impressed upon it the 
porcelain withstands a very much higher flashover than do 
designs that are such as are used today, with consequently 
greater liability to puncture. 

One very interesting thing which they bring out is that whole 
insulators were used in their porosity test, and that they suc- 
ceeded in a very large number of eases in driving the fuchsine 
right through the glaze. That is not altogether surprising in 
view of the fact that the glaze is continuous with the porcelain 
body and of composition similar to the binding material in the 
porcelain itself. Except for the fact that it is on the outside and 
more exposed to the heat of the kiln, it should have a density 
similar to that of the body of the porcelain. 
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One fault to be avoided in such work is to draw conclusions 
from old material and attempt to apply them to ware as it is 
manufactured today. As a result, the authors are apparently 
in a mood to impose a rigorous specification upon the manufac- 
turer, a procedure which often has been disastrous in the past. 
That is, an insulator can be designed to meet almost any re- 
quirement desired, but there is a very great danger, and it has 
very often happened, that such insulators will be very short- 
lived. There are a number of disastrous examples on record. 

With regard to the possible cause of failure of insulators due 
to lap cheeks, sand streaks and so forth. One very interesting 
example of that was brought to my attention last year by an 
engineer who had dissolved the caps of a large number of insu- 
lators in acid. He showed me one shell that was absolutely 
down by the megger, which probably had a sandstreak or a lint 
streak in the head. Over many square inches of area he had 
with true Oriental patience, searched until he located a spot 
perhaps one-sixteenth of an inch in diameter, or less, where alone 
the porcelain was porous and down. 


H. V. Carpenter: I am convinced that the manufacturers 
are now giving us some porcelain which is different from that 
which we have had in the past, and a great deal of data which 
we have had presented to us in past papers refer to the older 
type. Now the manufacturers will probably tell us that the old 
troubles are all taken care of, but is it not likely that we are 
doing the thing which has been done so many times in other 


.things, substituting something which is really a new product now 


in the better porcelain? It is better undoubtedly but perhaps 
it has some new peculiarities which we still have to learn; so 
I am very much interested in the suggestions made in regard to 
the tests for the mechanical difficulties which are likely to arise, 
and to determine whether the failures which are now coming 
may not be almost entirely mechanical: 


H. H. Schoolfield: I recently had occasion to make a test 
on one of our 66,000-volt transmission lines with the Johnston 
buzz-stick method. The insulators on this line had not been 
tested by megger or any other method since they were installed 
in 1912. I made the test this last spring and found only about 
three per cent of the insulators showed bad by that method. 
I consider this a very good record for a line built with insulators 
purchased in 1912. 

There is no quéstion but that we are getting a better grade of 
insulators now than we did then, and I expected to find a great 
many more failures than I did. The line was somewhat under- 
insulated too, compared to the way we insulate lines nowadays. 
lt is a 66 kv. line with three cap and pin type units in suspension 
and four at strain points. One thing I did find though, that 
bears out some of the discussion this morning—that the larger 
percentage of failures was at the point of support, at the pole or 
eross-arm end of the string. 

I also took a good many of the insulators that showed failure 
under the buzz-stick method, and checked them up with the 
megger after they had been taken down, and I am satisfied in 
my own mind that the megger does not give an accurate test; 
does not show accurately the bad insulators in the line. Some 
of the insulators that would show bad with the buzz-stick might 
show a high rating under the megger, but put on an oscillator test 
they would fail. Give them a high-potential test they would 
fail, although the megger did not show them bad. 


There are a great many factors entering into testing with the 
megger. Atmospheric conditions, have to be watched very 
carefully, so I am very much inclined to favor a method similar 
to the buzz-stick for picking out bad insulators. I think a good 
many insulators might show bad under a megger test that should 
not be removed. A few years ago we made a practise of taking © 
out an insulator from a string that would megger anything below 
4000 megohms; between 3000 and 4000 megohms. Under that 
practise I think we took out a great many insulators that should 
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not have been condemned. If we had left them in they would 
have stood up. 


The line that I speak of, however, was in a very dry section of 
country, where we don’t have very much rain. It wasn’t in 
Portland, but was in the north central part of Oregon, around 
The Dalles. That may have had something to do with the low 
percentage of bad insulators we found. 


R. J. C. Wood: Mr. Schoolfield’s remarks have led me to think 
that it might be interesting to give a little outline of an instru- 
ment we have developed—aunder the direction of the engineers 
of the Southern California Company—to do the same work as 
the buzz-stick without some of the dangers that are inherent in 
its use. It seems to me that Mr. Schoolfield had his nerve with 
him when he used a buzz-stick on a line that had not been tested 
for so many years; with only three units on 66,000 volts. If he 
had happened to strike two bad units in the same string it would 
have resulted in an accident. In order to eliminate this danger, 
which is not so great on a 66 or 60,000-volt line where there are 
four units, but is very great on a 15,000-volt line where there are 
perhaps only two units, we made a little device, which is prac- 
tically an electroscope. It is constructed of a piece of one-inch 
square bakelite tube with two vanes inside. Another electrode 
is wrapped around the central portion of that tube, the tube being 
a foot or so long, and some more square bakelite tube is slipped 
over the outside so that there is nothing hot exposed, the con- 
nection of the two vanes is brought out to one of the prongs on 
the end of the device and the outer piece of metal connected to 
the other prong, and the whole thing is mounted upon an insu- 
lating stick. Putting the prongs across an insulator if there is 
voltage across it the loops inside vibrate, and sighting through the 
end of the open one-inch square tube it is easily seen whether 
the vanes vibrate or not, and there is no danger incurred as there 
is no metallic circuit through the testing device. 


H. L. Melvin: As far as the operating engineer is concerned, 
what they do want is a product which is uniformly good. Just 
what tests are necessary to weed out poor material we are not 
prepared to specify. Both design and tests are primarily manu- 
facturing problems. The manufacturer must cooperate with 
the operating engineer to find out what the particular problems 
are. Operating companies are at fault in that until just recently, 
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with the exception of a few of the larger companies, they have 
not kept records of failures or really studied the problem. 

If we are now satisfied with the standard types of insulators it 
is the manufacturer’s problem, to introduce as many logical 
improvements in the manufacturing and assembling of parts as 
they are able to devise to insure life to the insulator under opera- 
ting, mechanical and electrical stresses. They must also devise 
tests which will insure the purchaser against the purchase of 
defective material. 


However, I am convinced that further study of operating 
stresses both mechanical and electrical, must be made and tests 
devised to duplicate them. These tests may lead to a modifica- 
tion of the present general design as operating conditions become 
more severe. : 


Allen E. Ransom: During the war, I was Chief Electrical 
Officer, Major Commanding 137th Engineers at Base Section 
No. L.St. Nazaire, and had occasion to use a good many insulators 
throughout that base. We were connected up with the French 
systems through the large Central Stations at St. Nazaire, 
Nantes, Angers, Saumur and other points. The Haviland works 
at Lyons were making insulators for the use of the American 
forces and put out a very fine grade of white porcelain insulator 
for 5000 and 20,000 volts. These with intermediate voltages 
were used on our temporary lines all through Base No. 1 and also 
at Brest and Bordeaux and the intermediate sections up towards 
the Front. We built something like 200 miles of primary and 
secondary lines and never had any insulator failures. 

The machinery we had to use was mostly French which we 
obtained from the Westinghouse Works at Le Havre and the 
General Electric works at Lyons. We had no trouble with their 
motors and transformers at all. A great deal of the American 
machinery sent over was 2300 volts, 60 cycle. Standard French 
distribution primary voltage is 5000 volts, 3 phase, 50 cycle and 
230 and 460 volts on secondary power circuits so American 60 
cycle motors were all right. 

The transmission lines throughout the Atlantic Coast section 
of France were almost all 20,000 volts and using power and light 
from steam turbine generating stations in the principal cities 
there being no hydroelectric stations in this district. Our ex- 
perience with the French insulators was very satisfactory. 


Conservation or Waste of Material in 


Educational 


Institutions 


BY. W eel EP 
Member, A. I. E. E. 
General Electric Company, Schenectady, N. Y. 


HE successful operation of a republican form of 
T government depends in large measure upon an 
educated people. It is obviously impossible to 
let the people rule unless their intellectual training 
has reached the point where they can distinguish be- 
tween what is right and what is wrong. The better 
they are educated, the more likelihood there is that 
the governmental agencies will function in a proper 
manner. 

These facts have been clearly recognized in this 
country ever since the present form of government 
was established with the result that our educational 
institutions have always received the active interest 
and support of an intelligent and generous people. 
We have pointed with pride to the country schools 
in which so many of our greatest men _ received 
their early educational training and have always given 
to such schools much of the credit for the successes 
achieved by those who attended them. 


In other words, the American people have always 
believed so thoroughly in scholastic training that it was 
natural for them to exalt this work and to furnish 
funds for its continuance. 


The same applies equally to the college and uni- 
versity. Early in our history we set up institutions 
of higher learning to supplement the work of the com- 
mon or public schools and these institutions have con- 
stantly grown in number, size and importance to the 
present day. 

The point we are trying to make is that no one with- 
out good reason would find fault with a system we all 
believed in. We do not believe, however, in all the 
details of its present day administration and accom- 
plishments. We are forced to conclude that although 
our system of education has an uncounted number of 
highly commendable features, it has also some faults 
which should be corrected. 

In discussing the work of the educational institution 
as regards the conservation or waste of material, we 
shall compare its activities and results to those of a 
modern manufacturing establishment. We shall do 
this because it is a convenient method to illustrate the 
points we have in mind. 

Is it fair to draw comparison between a modern manu- 
facturer and a modern educational institution? To the 
writer it seems quite in order to do so. Modern busi- 
ness is conducted on a very high ethical plane and di- 
rected by men of education and ability who must meet 
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the keenest competition and have their accomplish- 
ments measured by actual values. The most efficient 
management is the one which obtains the largest amount 
of high grade finished product at moderate cost from a 
given amount of raw material.. Surely there can be 
no objection to applying this standard to measure our 
educational institutions. 


In a successful manufacturing establishment, close 
attention is always given to the material which will 
enter into the finished product, and the most careful 
specifications are drawn to insure the material purchased 
being of a grade suitable for the article which is to be 
produced. And these specifications are always supple- 
mented by rigid inspection of the material when it is 
received. When the material has been accepted, it is 
the obligation of the management to use it to advantage 
and through efficient direction to obtain the maximum 
number of finished articles. It is also the duty of the 
management to use to advantage all by-products, and 


‘to salvage the material which has been damaged in ~ 


handling or through careless workmanship, or which 
may have been spoiled by workmen whoare not properly 
instructed or supervised. 


Do our educational institutions accept the respon- 
sibilities for output that they should accept? Do they 
give the same attention to conservation of material 
that is a necessity in ordinary business undertakings? 
To the writer, it does not appear that they do and it is 
the purpose of this paper to draw attention to what 
appears as.a profitable point for consideration. 

Our educational institutions are furnished with the 
finest grade of material that the world produces. This 
material is selected under rigid specifications. It is 
not accepted until it is found of the grade that is con- 
sidered suitable for the product that is desired. It 
comes to the educational institutions under the very 
best conditions with the certainty of every assistance 
that can possibly be given to maintain the standard. 
Every young man who enters an educational institution 
comes with the unqualified backing of family and friends 
and the kind of backing that should be of the greatest 
value. What is done with this material after it is 
received? It is beyond understanding that in the first 
period of the freshman year it is found that the material 
which has been selected under such carefully prepared 
specifications is defective to so large a degree. It is 
equally disturbing to find there is further rejection in 
the succeeding periods of freshman, sophomore, junior 
and even senior years. Is the fault with the material? 
If so, there are serious faults in the specifications. Is 
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the fault with the handling of the material? If so, 
the methods of handling are inefficient. 

The writer in looking over the records of. many of 
the highest grade educational institutions cannot find 
a single one which to a business man would be con- 
sidered’ satisfactory. The results, if duplicated in a 
modern business, would be the cause for criticism and 
there would be certain failure. 

Is the comparison unreasonable? Is it proper to 
ask that the college or university give a better account- 
ing of the resources which are under its immediate 
direction? 

Each year, we find very great attention being given 
to the size of the entering classes, also attention to 
the number of those who have received degrees and 
diplomas; but has there ever been a published state- 
ment at commencement as to the number who have 
failed to complete the work which they started four 
years earlier? How many of our instructors would be 
commended if they pointed to a class which had 
completed the course without a failure? How many 
of our professors would feel that they had properly 
vuuducted their work if they did pass every one in 
their classes? How many accept personal responsi- 
bility for the failure of any individual under their 
supervision who does not complete the prescribed work 
in a satisfactory manner? . 

The selection and training of the teacher is prob- 
ably the most important phase of college administra- 
tion. The teaching professions is justly recognized 
as of very great importance. It calls for leaders of 
the highest type. The mere ability to impart to the 
student the information contained in the text books 
is only one of the requirements. There must also be 
wise sympathetic and forceful leadership to direct the 
students’ efforts or there will be much confusion, 
conflict and waste. On every staff and in every faculty 
there are many with all the fine characteristics that 
' are required. Of these, we wish to voice our apprecia- 
tion and to commend the success they have obtained 
in directing the students along paths which have been 
so productive. The teacher to be of maximum value 
must have a tremendously vital interest in his subject 
and in the great responsibility of his position. Heshould 
be of a type which appeals strongly to a vigorous, 
energetic young man, of a type which takes as much 
interest in student affairs as the student himself. 
How, otherwise, can he hold their interest and how, 
otherwise, can he make them believe that the things he 
teaches are worth while? 

The teacher must be selected with great care and 
must then receive a sufficient salary to enable him to 
take his proper place in the community. He must bea 
successful man himself if he can ever be hoped to teach 
success to others. The difference between the success- 
ful and the unsuccessful teacher is certainly not deter- 
mined entirely by the book knowledge each possesses. 
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It depends largely on their comparative attributes for 
real leadership. 

These leaders are necessary.. How to obtain them, 
I leave for the college authorities to decide. That 
they do not exist in sufficient numbers at this timeis evi- 
denced by the results obtained. 

One of the greatest wastes of human material in 
connection with our colleges results from the student 
following the wrong course. This is also one of the 
most difficult things to remedy. 


The particular courses the students take depend to 
some extent upon the family’s general desire to have them 
enter some certain profession. Very little detail orana- 
lytical study is given to the problem. The courses se- 
lected are usually determined by the relative popularity of 
some branch of engineering, law, medicine, etc., and 
have no relation whatever to the actual capabilities 
of the prospective students. The individual charac- 
teristics of the students, the type of training they have 
had in their homes, the ever changing needs of social, 
intellectual and industrial life, complicate the problem 
tremendously and make its attempted solution worthy 
of the deepest study. 


The purpose of a college is to give an education to 
those who enter its doors but of what that education 
should properly consist is surrounded by much hesi- 
taney and doubt. 


The subjects for study and the arrangement ot the 
courses have always received considerable attention 
but there is still much to be done along this line. 
When it is necessary to force the sudents into studying 
subjects which they cannot see will be of advantage 
to them in later life, it is obviously very difficult. to 
hold their interest. On the other hand, the students 
will give all the necessary time and intensive study 
to those things that interest him deeply. To create 
that interest is one of the most important duties that 
is met successfully by the real teacher. When the 
students fail, the teacher must take most of the blame. 


It cannot be said that the educational institutions 
have not had the backing of the people, and that it is;. 
therefore, difficult to obtain sufficient funds to pay for 
a sufficient number of teachers to give the students 
individual attention. 

If the financial support received has been insufficient 
to meet the requirements, it is because of a weak 
presentation of the case. The people of this country 
will not knowingly let their educational institutions 
suffer if the matter is put before them in the proper 
light. 

A college or university should be run according to 
the best modern business principles. That is, the 
administrators should be able to show a satisfactory 
return on the investment. The stockholders of any 
business corporation would soon withdraw their support 
if it should appear that the management was inefficient 
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in carrying on its affairs; and the college or university 
will naturally receive the same treatment. 

There is no doubt that even after the most careful 
selection, some of the material will be found defective, 
but can it not be used in some other manner? It will 
also be found that some of the material has been 
damaged in handling, but that too, can be usually 
repaired or used for some other equally valuable ser- 
vice. Some material too becomes defective because it 
has been handled by careless workmen or by workmen 
who have not been properly instructed and it is this 
material which it would appear should have the most 
attention. 

That errors have been made in reference to this mate- 
rial which has been rejected as unsatisfactory, there 
can be no doubt. In the writer’s experience, there have 
been many cases where not only has the damage been 
repaired, but later the material has been found of the 
most excellent grade, in some cases of such high grade 
that it required special attention in order that it might 
be most effectively used. It was rejected because its 
qualities were not understood, not because it was de- 
fective. 

The modern manufacturer has a research depart- 
ment which devotes the entire time to finding ways of 
using to advantage materials which have heretofore 
been of little service, also to use materials where the 
results desired have not been obtained. Is there not 
a parallel work for educational institutions? Cannot 
a division of college work be made which would make 
it possible for a group of men connected with the 
faculty to study the causes of failure, to make the new 
applications, to revise the methods or change the work 
so that the ability of the individual could be properly 
developed and applied? 

The writer has had an opportunity to observe young 
men and young women under various conditions,— 


those who have been marked as successful and those . 


who have been marked as unsuccessful,—but in almost 
every case careful selection has given satisfactory 
results, and in practically every case it has been pos- 
sible to encourage the individual to do what he set out 
to do and to accomplish the thing that was desired. 


UPP: EDUCATIONAL INSTITUTIONS 


Transactions A. I. EB. E. 


One of the most common causes of failure in the 
earlier years of educational work seems to be the. 
improper direction of those who are immature. It 
would seem in order to apply more stringent regulations 
to those who are far from the years of discretion, and 
it certainly would be in order to do this if the results 
should prove that such regulations were warranted. 

No doubt if the writer was actively engaged in direct- 
ing the work of an educational institution, he would find 
the problems overwhelming. But as a business man, 
the solution of those problems would always be desired 
and sought for until the percentage of finished product 
was many degrees higher than it is in our educational 
institutions at this time. There is no desire to lower 
in any degree the very high standards which have been 
set. There is no desire to recommend that diplomas 
be given for work that has not been completed, but 
there is a firm belief that with different methods with 
more study given as to the causes of failure, it would be 
possible to effect a very considerable saving of mate- 
rial. 

Is there a college or university today which is adver- 
tising the fact that anything short of 100 per cent 
output is viewed as a matter of concern, which has 
found the reasons for failure and is applying the reme- 
dies, which is holding itself up as a standard of excel- 
lence because its output is equal to its input? 

We know of no such institution. We doubt if it 
exists. We doubt if it will ever exist, but we shall be 
satisfied that our colleges and universities are properly 
directed only when this condition is far more closely 
approximated than it is at the present time. 

We wish to say again that there is not, nor can be, 
a more worthy purpose than the proper education of 
every young man and young woman, and everything 
should be done which can be of assistance in this 
direction. 


Waste in every form should be eliminated. 


Discussion 
For discussion of this paper see note, page 639. 


Training to Think Versus Gathering Information 
BY TALIAFERRO MILTON 


Fellow, A. I. E. E. 
Electric Storage Battery Company, Chicago, IIl. 


HE time allotted to me is not sufficient for me to 
go into details of how I have arrived at my con- 
clusions, and I will, therefore, content myself 

with'the expression of some of my opinions. 

Many professional educators may not agree with me 
and I shall be very glad indeed to debate the subject 
with them in such detail as cannot be used in this 
short summary of my opinions. 

I regret that I have not any very useful suggestions 
of a constructive nature to offer to educators in regard 
to what should be done to correct and improve the 
systems of education now in use in this country. If, 
however, these mere expressions of opinion will serve 
to stimulate the professional educators in discovering 
cures for the evils which are patent to many of us en- 
gaged in practical every-day work, then what I have to 
say will be worth something. 

I do not claim any originality in these opinions; in 
fact they have been formed not only through my own 
personal observations, but through many discussions 
with other work-a-day men with whom I have come 
in contact. I left the educational field because I 
did not think I was suited to it, and all I can do is to 
point out to professional educators evils for which 
they may, through their study and experience, find a 
cure. 

The crime of most of the colleges today is that they 
do not teach their students to think. They spend too 
much time in cramming facts into the student’s heads 
when, in my opinion, the short four years available to 
the average student for college life is all too little time 
for teaching the student to think. After all, it really 
doesn’t matter very much whether a young man in 
the early 20’s leaving college, knows a great deal of a 
concrete nature, provided he has learned to think. 

It is of course, necessary that certain fundamental 
principles be taught; moreover, they should be drilled 
into the heads of the students, but beyond that, the 
work to be performed by a student should always be 
laid out with the one idea in mind of increasing the 
student’s capacity and ability to think. Why should 
time be wasted in college, in shop work? What does 
it matter whether or not a young fellow, graduating 
from college, can file a flat surface or do a good black- 
smithing job, or a hundred other odd mechanical jobs, 
unless the doing of such jobs is entirely incidental to 
the training of his thinking apparatus? Suppose he 7s 
a fair mechanic when he leaves college—he will find 
in the shops mechanics who nave never even been through 
high school who are ten times as good as he is at a 
hundred different jobs. These mechanics who have 


Presented at the Pacific Coast Convention of the A.J. E. E., 
Vancouver, B. C., August 8-11, 1922. 


had little schooling have learned every step in their 
trade in an empirical fashion and I have known some of 
them who were crammed full of a thousand and one 
facts some of which were not true. Not long ago I 
was talking to an older man about a certain young 
fellow, and I remarked that this young man seemed to 
have had a lot of knowledge. The older man ans- 
wered, “Yes, he knows a lot, but unfortunately most 
of it isn’t true.” 

Several of the cleverest engineers with whom I am 
acquainted spent most of their time in college on one 
piece of research work and when they started their 
careers as engineers, they were very very “‘green’”’ from 
the shop-man’s and practical engineer’s viewpoint. 
They had practically no acquaintance with the thousand 
and one details of shop equipment, central station 
equipment, etc. However, the particular piece of 
research which each had done had involved a great 
deal of study and thought and in completing this 
research they had learned to think. Before making 
the research, they had, in each case, been thoroughly 
drilled in the fundamental underlying principles of 
mathematics and physics which were the tools they 
used in thinking out the problem in hand. The fact 
remains that (without going into further detail of how 
I have arrived at these conclusions) these men today are 
great constructive engineers. I know other men who 
have never had any college education who are also 
great engineers and I find that they are great thinkers. 

I go so far as to believe that if a man is born a great 
thinker it matters not whether he has any college edu- 
cation. Some extreme examples are John Marshall, 
the great Chief Justice, and Abraham Lincoln, the 
great ‘‘Emancipator”’ and President. These men, to 
be sure, were not engineers, but I think none of us doubt 
that had they turned their hand to engineering instead 
of law and politics they would have been just as success- 
ful in the engineering field as they were in their chosen 
professions. Those of you who have read biographies 
of these men, especially the recent “‘Life of John Mar- 
shall” by Senator Beveridge, cannot help but be im- 
pressed with the fact that even though these men ob- 
tained very little standard education in the common 
schools and colleges they did get in their particular 
scheme of study and work a tremendous training in 
how to think. 

Right here I want to say that I believe there should 
be no fundamental difference between the general 
methods of engineering education and education for 
any other profession. All education for the young man 
during his school and college courses should be with 
the one idea in mind—to increase his capacity for 
thinking straight, thinking clearly and thinking ener- 
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getically through each problem to a conclusion. Once 
he has acquired such a habit, each problem will be con- 
quered as it arises regardless of how much concrete 
knowledge on the subject one has to start with. This 
reminds me of a definition of an engineer which was 
given to me some time ago by an engineer who is a 
member of this Institute. He said, “An engineer is one 
who learns how to do something before the people 
find out that he doesn’t know how.” It is obvious 
that he couldn’t function in this manner unless he 
were trained in the fundamental principles and knew 
how to think. 

No one could claim that an exact knowledge of a 
great many facts is in itself detrimental. My whole 
contention is that the time is so short in the grammar 
school, high school and college that the teaching of 
empirical knowledge should not crowd out the training 
in the thinking processes and it has been my direct 
observation that that is exactly what has happened to 
a large percentage of college graduates. Their minds 
have been crammed full of facts and they are 
unable to think clearly. A man taught a lot of facts 
can only copy work previously done.. He will never 
build anything new, unless along with these facts he 
has learned how to think. He cannot produce syn- 
thetic results because he cannot think things out to a 
conclusion. He has become mentally lazy because 
others have done his thinking for him and have supplied 
him with the finished result in the form of a fact. 

A student, even if he starts with an inclination to 
think will soon abandon effort in that direction if he 
is drilled by his professors to accept their teachings as 
immutable laws. The student should be trained at 
all times to keep his mind open. He should never 
be allowed to accept any working hypothesis as an 
indisputable law. The best picture I know of the 
danger of teaching students that the working hypotheses 
which we now accept as lawsareindisputableand immu- 
table is contained in the French astronomer Fla- 
marion’s little story, at the end of his chapter on the 
LaPlace Nebula Hypothesis. Those of you who are 
not familiar with this story will, I am sure, get some- 
thing out of it and I recommend that you look it up. 

The overemphasis which, in my opinion, is being 
given to the laboratory method seems to have extended 
backward into the high school and grammar school. 
I say extended backward because I believe that the pro- 
digious use of the laboratory method now in vogue in 
the grammar and high schools is because of the entrance 
requirements of the colleges. Ihavea fine opportunity 
just now of observing the methods in the grammar 
school because I have two children in one of the finest 
public grammar schoolsin America. It certainly seems 
to me that the laboratory method is being overworked. 

While I believe that a large part of the trouble with 
most of our college graduates today is due to the waste 
of time in teaching them facts, I would like to. point 
out what, in my opinion are other indirect causes of 
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the student’s lack of thinking capacity. One of the 
main troubles with modern colleges, especially the 
large ones is the lack of democratic spirit. Above all 
things we should make the college really democratic 
and drill into the student’s heads that all they obtain at: 
college is a training in the groundwork and the funda- 


‘mental principles and the process of real thinking so 


that when they leave college they are ready to start 
life’s work. ‘The college student, who starts life’s work 
with an idea that because he has been to a certain 
college he is better than other men has a serious handi- 
cap and he loses several years in getting a fresh start. 

Some years ago I sent my business card into the office 
of a young engineer who had quite an important posi- 
_He came 
out into the reception room and his greeting was, 
“Are you a salesman or an engineer? I do not care to 
talk to a salesman; I want to talk to one-of your 
company’s engineers.”’ I asked him, ‘‘Are you an 
engineer?” and drawing himself up stiffly, he said, 
“T am a graduate of —’’ (naming one of our largest 
and best known engineering colleges). I had difficulty 
in restraining the explosion which began to accumulate 
in my insides. I got to be quite friendly with this fellow 
but I learned ina short time that he was not an engineer 
at least not one in accordance with the definition I 
have given above. It so happens that the college he 
was graduated from has turned out a great many 
thinkers, but I have often wondered whether they 
learned to think at college or whether they were just 
born that way, or whether some good old-fashioned 
teacher in the grammar or high school started them off 
right so that even the college couldn’t ruin them. Lack 
of the democratic spirit 1s not conducive to clear thinking. 

A college should teach modesty. Most modest men 
are thinkers. Perhaps that’s the reason they are modest 
and perhaps I am mixing up the cause and effect. 

I have in mind several of the smaller colleges in this 
country who are turning out men, the great majority 
of whom seem to be able to think; and in looking 
around for a cause of this I have noticed that the men 
at these colleges work. The athletic and social side 
is not over exaggerated as it is in some of the larger 
and wealthier colleges. If the athletic and social 
functions are made of too much importance, a man 
hasn’t time to think. When he isn’t attending a foot- 
ball game or a dance, he is trying to cram up sufficient 
“facts” to pass his examination. 

Everything that is said above could apply as well to 
any other form of education as it could to engineering 
education and I believe that other branches of educa- 
tion are just as derelict in these respects as is the modern 
form of engineering education. 

Some of the college courses for engineers are, héwevan 
even worse than the college courses for other professions: 
in that they slur over the teaching of English, literature, 
philosophy and history. I know some pretty good, 
practical engineers who are college graduates and who 
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get pretty good results, but who are almost illiterate. 
I do not believe that many of us agree with one of our 
most prominent automobile manufacturers that such 
education is useless.. Certainly those of you who agree 
‘with me that the main principle of education should 
be enhancing a man’s thinking capacity cannot admit 
that a broad education is not necessary in an engineering 
course. What can’stimulate the thinking powers more 
than a good general knowledge of literature, philosophy 
and history? 

Summing up, it is my firm opinion that in the United 
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States today we are overdoing empirical, shop and 
laboratory practise in our educational institutions all 
the way from the beginnings of the kindergartern 
through the university. I believe that by overdoing 
these methods we are cramming the student’s minds 
instead of enlarging them. 

Teach the student to think and give him just such facts 
as are necessary to make him think. 


Discussion 
For discussion of this paper see note, page 639. 


Engineering Graduates in Business 
BY L. A. FERGUSON 


Fellow, A. I. E. E. 
Vice-president, Commonwealth Edison Company, Chicago, Ill. 


N a business in which engineering talent is required 
to produce its output or operate its plants, the 
engineering graduate is looked to as the supply of 


timber from which to build up the personnel of the ~ 


technical and supervisory forces. Without a capable 
personnel no organization can be effective, and without 
knowledge such as the engineer is trained to use in an 
accurate way, no such business can make headway 
against its competitors. 

The engineering graduate has been trained in the 
fundamentals of pure science and mathematics, and 
has been given an acquaintance with applied sciences 
which, if he has been conscientious, has provided for 
him the foundation of his future work. He is started 
in his first position as a draughtsman, inspector, labora- 
tory assistant, tester, or in some similar line of work 
where he will be able to render service of some value 
while he is learning enough about the business to fit 
him for a position of responsibility. In some cases he 
may be shifted from one minor job to another several 
times before he is definitely placed. In other cases he 
may voluntarily shift from one business to another in 
the hope of finding something which looks more promis- 
ing. In this process he discovers work for which he has 
an aptitude and in most cases the work is of a specialized 
nature in which he makes use of but a small part of the 
knowledge gained in school. The result is that those 
whose natural talents qualify them to excel at highly 
technical kinds of work are chosen promptly for such 
work, giving the impression that the highly technical 
man is the one most sought after and desired. 

A considerable part of the men who entered with a 
given class and whose talents run rather to construction 
and installation work, or to sales engineering, have 
either fallen by the wayside under the discouragement 
of the tests encountered, or, if graduated, have drifted 
away after a time into some other line of activity where 
their talents are better appreciated. Men of the latter 
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class may be and often are those having business ability, 
and after the first few years they are likely to be found 
in positions of greater responsibility than those whose 
ability as students was much more marked. Every 
class of any large engineering school which has been 
out of school for five to ten years affords examples of 
this. 

There are, of course, the exceptional men who were 
good students and had also the talents for the larger 
positions in life, and these exceptions but prove the rule. 

Thus in the past decade there has been a distinct 
tendency to develop a large body of engineering tech- 
nicians who are highly skilled in the treatment of 
special problems and who have as a result contributed 
in a large way to the sum of human knowledge. But 
too many of these men have become so highly special- 
ized that they have lost the breadth of view which is 
essential to a proper sense of perspective and are, 
therefore, incapable of seeing the broader problems of 
industry or of suggesting solutions for them. 

Now, how is a recital of conditions affecting graduates 
of engineering schools in past years related to the educa- 
tion and training of the coming generation? The 
answer is that history will repeat itself unless changes are 
made in the general scheme of education in the future. 

The training of the student has been conducted thus 
far from the point of view of giving him a general fund 
of technical knowledge. This is perhaps only the 
natural result of an atmosphere where scholarship is 
made the chief criterion of excellence, and other lines 
of ability are largely subordinated to it. 

The training of the students of the future should 
make provision for the type of men who though they 
may not shine in technical work will nevertheless take 
places of importance in the industrial world where 
leadership, salesmanship, and executive ability are in 
great demand. 

It is true that men of this type will usually make a 
place for themselves in the world whether they enter 
engineering schools or not, but the engineering world 
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is losing many men under present conditions whom it 
will very much need in the coming years. 

The engineering courses as at present constructed 
appear to be unattractive to this type of men and we 
find many of the sons of graduates of the last generation 
substituting courses in general science for engineering 
courses in order to get more of the general culture of a 
college training, and to come more into touch with the 
the non-technical life of the school. 

Just how the details of engineering courses should be 
modified to make them more attractive to this class of 
students I do not presume to say, but it would seem 
that the elective courses could have a broader scope and 
the required work could be made less exacting than has 
been the custom in most schools. 

The situation may be likened in many respects to the 
conduct of a saw mill enterprise, conducted by a lum- 
ber company which is cutting its own timber. The 
business is covering the rough pine lumber market for 
general construction purposes and its mill and other 
facilities have been planned for this business exclusively. 


It turns out heavy timber for railroad and mill con-. 


struction and smaller shapes for building purposes and 
general uses. Its supply of timber is chiefly pine, but 
there are occasionally “stands” of certain kinds of 
hardwood which yield logs of higher value than the 
general run of pine, and though a few of these come 
through with the rest, the majority are left standing. 
The mill is not equipped to handle these few properly 
for the hardwood market, so they go into the output and 
are sold with the pine. The consumer finding these 
occasional pieces of hardwood is not able to take ad- 
vantage of their increased value and they are hidden 
in a structure where their worth is not likely to be 
recognized by the owner. Occasionally it is true such 
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a piece comes to the attention of a foreman by chance, 
and after proper seasoning and finishing operations is 
given a place befitting its value. After a time, the 
mill owners realize they are losing a valuable part of 
their output, and provide for proper finishing of their 
hardwood as it passes through. It is thereafter turned 
out in such shape that it can be seasoned and finished 
for the more important uses to which it is adapted. 
This makes it possible for the lumber company to take 
the hardwood with the pine, thus clearing up the entire 
stand of available timber as it goes. ; 

The available timber entering the universities and 
engineering schools has many things in common with 
the stand of timber described in the foregoing illustra- 
tion. 

If technical experts are to be the chief output of the 
schools the timber which doesn’t make good ones will 
be and is being eliminated as it goes through. And if 
perchance a few exceptional men get through who are 
capable of being more than technicians, they are as 
likely as not to become buried in the technical work so 
deeply that the fact that they are capable of greater 
responsibilities is not discovered until a long time after 
it should have been known. 

The establishment of a course designed for tently 
the hardwood, that is, the men who do not aim to take 
positions where the work is highly technical, will 
perhaps not result in any output of men of any higher 
average ability than are graduated from other courses, 
but it should: serve to increase the available supply of 
timber for general uses, for which there is now a firm 
demand with a diminishing supply. 


Discussion 
For discussion of this paper see note, page 639. 


Exciter Instability 
BY R. E. DOHERTY 
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PART I—DISCUSSION OF THE PROBLEM 


A. INTRODUCTORY 


NSTABILITY of an exciter has come to have a 
number of meanings: (1) large change in voltage 
for a small change in load; (2) creeping of voltage, 

up or down, without apparent cause; (3) temporary 
removal, partial or total, or even reversal of the exci- 
tation accompanying sudden short circuit of the alter- 
nator; (4) slow oscillation, or possibly reversal, of 
excitation following a sudden readjustment of either 
the shunt field or alternator field rheostat;! (5) “grab- 
bing’’ the load, etc. when in parallel with other exciters. 
The last mentioned trouble, which is experienced 
largely, although not altogether, on compound-wound 
machines does not occur if respect is given to well- 
known characteristics of direct-current machines as 
discussed in any text book on the subject. Therefore 
this paper deals only with the first four phenomena 
mentioned above. 

Experience. All these phenomena have occurred 
in actual practise. While they have been relatively 
rare and not confined to exciters of any particular 
manufacture, there have been enough cases where the 
consequences have been serious, such as the shut-down 
of large generating units, to warrant investigation 
into the causes and character of the phenomena. 

Experience has shown that these phenomena occur 
when the exciter is operating at low magnetic densi- 
ties; that is, below or near the bend in the saturation 
curve as at e or below, in Fig. 1. : 

Historical. In 1920 a number of Institute papers? 
were read on exciters and excitation systems. These 
papers were largely statements of experience and of 
opinions as to the factors which should predominate 
in the selection of an excitation system. One of them’ 
however, dealt fully with certain phases of exciter 
design, particularly with reference to successful opera- 
tion with automatic voltage regulators. In the same 
year a paper by Kelen‘ discussed the reversal and loss 
of residual magnetism of exciters, giving equations 
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by C. A. Boddie and F. L. Moon, from A. I. E. E. Journat, 
Vol. 39, 1920, pp. 1595-1616. 
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which showed voltage reversal, under a certain assumed 
current . transient. However, it appears that there 
has not been a comprehensive mathematical study of 
the particular system of circuits involved in this prob- 
lem to determine the behavior of the exciter under 
conditions which may arise in practise. 

Scope. The present investigation comprises (a) 
a mathematical study of circuits involved, as shown in 
Fig. 2, assuming the exciter is operating within the 
range of the straight portion of the saturation curve; 
and (b) an experimental confirmation of the calculated 
results. From these two viewpoints it is possible to 
draw definite conclusions as to the influence upon 
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stability, of the different design features of the exciter 
and alternator and of the circuits involved. 


B. FORM OF EQUATION 

The most interesting and fundamental result of the 
investigation is the fact that the differential equation 
relating the alternator field current with time, is 
identical in form with the classic differential equation 
of the electric circuit involving resistance, inductance 
and capacity. Thus in the present case the equation 
relating the alternator field current with time is, 
d te 
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where 
Op = alternator field current 
t = time 
aand 8 = constants depending upon circuit con- 
stants as defined by equations (8) and 
(9) 
A = constant depending upon the sustained 


value of exciter voltage as defined by 
equation (10). 
The classic equation of the electric circuit involving 
resistance, inductance and capacity is 
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where 2 = current in the circuit 
ft “= time 
YQ, =-constant = 7/0 
1 
GB. = constant = TE 


A. = constant = E/L 
r, LandC = circuit constants 
E constant rate at which the impressed 
voltage increases .* 
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Since the equations in the two cases are identical, 
there must, of course, be found in the solution of the 
former the same oscillations and transients as are given 
in the well known solution of the latter. That is, the 
present case falls in the category of transients desig- 
nated by Steinmetz as “double energy’’ transients.°® 
In other words, if on the one hand an exciter is closed 
upon an alternator field circuit, and on the other hand, 


5. That is, e = Ht. This merely determines the final value 
of current, and has nothing to do with the character of the 
transient, since the transient is determined by making A, = O. 
It was so chosen in this illustration to make the two cases 
exactly parallel, including both the transient and the final value. 

6. In the circuit containing r, L and C, the “double energy”’ 
refers to the two forms of energy storage 1/2 L I? and 1/2:C EF”. 

In the present:case, while there is no-condenser capacity 
involved, and therefore no electrostatic energy, there are never- 
theless two different magnetic circuits—alternator and exciter 
fields—in which energy can be stored. Obviously, in an oscil- 
lation all of the relatively large energy in the alternator field 
eannot be transferred to the small exciter field. Most of it is 
dissipated as 727. Only a small percentage is transferred to the 
exciter, but it is sufficient to start the exciter to build up again, 
the energy supplying the subsequent oscillations thus coming 
from the mechanical drive of the exciter. 
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a voltage which increases in direct proportion to time 
is suddenly impressed upon a circuit containing resist- 
ance, inductance and capacity, then one may expect 
the current as related to time to be of precisely the 
same form in either case. Depending upon the rela- 
tion of circuit constants the current may gradually 
build up to a final value, or may finally reach this value 
after a number of progressively smaller oscillations. 

Transients of the same character will also occur if a 
sudden readjustment of circuit constants is made, which 
is equivalent to suddenly impressing a different voltage. 
Thus Fig. 6 shows a transient oscillation following the 
application of the exciter voltage to an alternator field 
eircuit; Fig. 14, the oscillation following a sudden 
readjustment (increase in resistance) of shunt. field 
rheostat; Fig. 16, the gradual (logarithmic) decrease 
of current to a final value following a similar sudden 
increase in shunt field rheostat, but with different 
circuit constants; Fig. 9, the surge and decay of current 
following a sudden short circuit of the alternator, which, 
as explained in Part II, is equivalent to a sudden change 
in circuit constants. 

It will be observed that while these transients are of 
the same form as those of the electric circuit containing 
resistance, inductance and capacity, they are of much 
longer duration and lower frequency. ; 


C. CONDITIONS FOR INSTABILITY 


Conditions of instabilty are; low magnetic densities,’ 
in combination with one or more of the following: 

(a) low residual voltage. 

(b) relatively large voltage drop in the armature, due 
either to large demagnetizing component of armature 
reaction or to large ohmic resistance in the armature 
circuit between the points where the shunt field ter- 
minals are connected. 

(c) relatively large inductance in the load circuit, 
such as always exists in the alternator field. 

(d) alternator transient of greater duration than 
exciter transient. _ 

(e) excessive series field strength. 

Discussion of Conditions. Consider the conditions 
of low magnetic densities. It is well known that a 
saturated exciter is usually stable since it requires a 
relatively large change in ampere turns to produce a 
given change in the magnetic flux. The degree of 
stability is roughly gauged by the magnitude of the 
angle 6, Fig. 3. The operating point p on the satura- 
tion curve is determined by the condition that. the 
r7 drop of the shunt field circuit shall equal the ter- 
minal voltage of the exciter. Above that point, the 
terminal voltage is less than that required to sustain 
the shunt field current; below, it is more than required. 
That is, the greater the angle 6 the more stable the 
exciter.. It is thus obvious from Fig. 3 that on the 
straight portion of the saturation curve, the stability 


7. That is, operation on straight portion of the saturation 
curve. 
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is low; and if it were not for the residual voltage ey, 
6 would be zero and the exciter would be inoperative; 
that is, a single value of shunt field resistance would 
correspond to all voltages on the straight portion of 
the curve. 

Thus it follows that residual voltage is essential to 
stability in operation on the straight portion of the 
curve. However, operation beyond the bend, that is 
involving a significant degree of saturation, would be 
stable with zero residual voltage. 


seerariae 


The condition of large voltage drop in the armature 
means a large droop in the volt-ampere characteristic 
of the exciter, Fig. 4. Curves a and 6 are volt-ampere 
characteristics of the particular exciter used in this 
investigation; a being for normal brush position, b 
for a forward shift of 2.7 mechanical degrees. Curve 
c is the volt-ampere characteristic of the receiving 
circuit, that is, it gives the voltage required to main- 
tain the current 7, in the resistance r. of the receiving 
circuit, which in the present problem is the alternator 
field circuit. The exciter must obviously operate at 
the intersection of the volt-ampere characteristics of 
the exciter and receiving circuit. The unstable condi- 
tion of relatively large voltage drop in the armature 
is thus illustrated in Fig. 4 by the intersection of b 
and c, that is the point n. Stability could evidently 
be obtained by increasing 72, which would increase the 
slope of c, moving n upward to a less steep portion of 
curve b; or, with the same r2, a change in the exciter 
characteristic to correspond to a, thus giving the stable 
intersection m.® 

The existence of a large inductance in the load circuit, 
which means relatively large magnetic energy storage 
is the fundamental condition for the occurrence of 
“double energy” transients as distinguished from slow 
“creeping” of voltage. This energy storage makes 
possible a ‘‘pump back” of power into the exciter under 
certain conditions. For instance, any sudden condition 


8. This, of course, is merely reciting, in the interest of com- 
pleteness, a fact already given in text books. 


‘ 
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which tends to lower the exciter voltage—such as the 
large load current thrown on the exciter when the 
alternator is short-circuited, or a sudden increase in the 
shunt field rheostat, or a decrease in the alternator 
field rheostat—such conditions cause the load current 
But the large inductance 
in the alternator field will not permit the current to 
decrease as rapidly as it would if its decrease were 
determined by the exciter alone. Thus under certain 
conditions the alternator field tends to hold the decreas- 
ing load on the exciter always at a higher value than 
the decreasing voltage of the exciter could alone main- 
tain, and when zero magnetic flux inthe exciter is 
reached, the current is maintained through the arma- 
ture by the external voltage generated by the alter- 
nator field. This means that the voltage across the 
armature and therefore across the shunt field is reversed, 
and thus the voltage builds up reversed. While it is 
reversed, and before the decreasing current -reaches 
zero, the alternator field is obviously supplying power 
to the exciter. After reversal the alternator field 
inductance holds the current always at a lower value 
than would exist by the exciter voltage alone. There- 
fore such a condition makes it impossible, theoretically, 
for the exciter to ever reach equilibrium. Actually, 
of course, it is reached after a few oscillations, as shown 
in Fig. 7. 

The condition under which this reversal may occur 
is that the duration of the alternator transient is 
greater than that of the exciter. It is thus a race be- 
tween these two transients. Obviously if the alternator 
tends to reach equilibrium before the exciter, its in- 
fluence in holding up the load on the exciter will have 
disappeared before the exciter voltage reaches zero, 
and the exciter, once more on its own resources, if only - 
for a moment, will again build up. Thus the induct- 
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ance of the alternator field makes possible oscillations 
and voltage reversals; and the condition under which 
this is possible is that the duration of the alternator 
transient is greater than that of the exciter. 
Excessive series field strength obviously gives to the 
exciter characteristics approaching those of the series 
generator. Such characteristics may be obtained as 
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well by connecting a normally designed exciter on a 
receiving circuit of too low resistance, as by designing 
for too great series field strength. For instance, a 
125-volt.exciter connected to an alternator field re- 
quiring only 60 volts for normal exciting current, 
(rated current on exciter) means practically doubling 
the relative strength of the series field; and quadrupling 
the strength, assuming the same kilowatts excitation. 


D. CAUSES OF INSTABILITY 


The principal causes are: 

(a) speed transients 

(b) temperature transients 

(c). slight undulations in exciter voltage, which may 
modify the local effect of hysteresis and thus cause a 
gradual shift in the saturation curve and a comnespong- 
ing change in voltage. 

(d) sudden, relatively large change in . rheostat 
setting. SB: 

(e) short circuit of the alternator: 

Discussion: of Causes. The first es causes may 
produce voltage -“‘creeping,’’ the last two “double 
energy” transients: The effect of speed transients, 
which is to shift the operating point p Fig. 3 on the 
saturation curve, is discussed in the paper by Boddie 
and Moon, loc.. cit. 

Temperature transients produce slow voltage changes 
in a similar manner. Rising temperature, and there- 
fore increasing resistance, in the shunt field circuit 
slowly increases the slope of the 7,7, line Fig. 3, but 
does not change. the saturation curve. It thus shifts 
the point p downward. 

Shght undulations in the exciter voltage’ mean 
repeated traversal of the local hysteresis loop, which, 
by this process, moves the center of the loop gradually 
toward the average saturation curve, thus in effect 
eliminating or seriously reducing the residual magnet- 
ism. The result is a large downward shift in the 
operating point p. 

A sudden change in rheostat setting of either the 
shunt or alternator field circuit, is equivalent to sud- 
denly impressing a different voltage, and therefore 


under conditions discussed in the foregoing, may cause . 


oscillation and reversal of the excitation. This may 
easily occur on hand controlled exciters if the resist- 
ance steps in the shunt field rheostat are too large, or 
if the operator suddenly makes too large an adjust- 
ment. 

Short circuit, or a sudden large increase in inductive 
load on the alternator, induces an increase in the direct 
current!® through the exciter armature—that is, an 
increase in load, the greater the current increase 
in the alternator armature. This initiates the ‘double 
energy” transients already discussed. 


9. This might be caused by speed variations as on direct- 
connected or belted exciters driven by reciprocating machines 
such as steam or gas engines, or compressors. 

10. There is also an alternating component, but its frequency 
is too high to significantly affect the exciter flux. 
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EK. STABILIZERS 

Voltage “creeping” can be minimized by special 
design to increase the angle @ Fig. 3 at low voltages. 
The same result can be obtained by a few cells of a 
storage battery in series with the shunt field, thus giv- 
ing the effect of greater residual voltage, @, Fig. 3. 
Separate excitation of the shunt field by storage 
battery gives practically perfect stability, but of course 
involves obvious disadvantages. 

The most effective stabilizer against shocks due to > 
alternator short circuits, or sudden change in circuit 
constants, is the series field. By minimizing the volt- 
age drop of the exciter, that is the drop in voltage im- 
pressed across the shunt field terminals, and therefore 
also minimizing the tendency toward a further reduc- 
tion of exciter magnetic flux, the foremost factor in 
causing removal or reversal of excitation is practically 
eliminated. The influence of the series field in these 
cases is illustrated by Figs. 9 and 10, showing respect- 
ively the excitation following a sudden short circuit 
of the alternator, first without series field, then with 
series field. Figs. 14 and 16 show the excitation fol- 
lowing a change in the setting of the shunt field rheo- 
stat, first without series field, then with. That is, a 
properly designed series field appears to be the greatest 
protection against instability following shocks, par- 
ticularly against a serious decrease of excitation, and 
therefore of synchronizing power of large generating 
units under short-circuit conditions. 

The next is’ the automatic voltage regulator. Its 
effect is to instantly decrease the shunt field resist- 
ance, that is, to greatly decrease the slope of 2; 7; Fig. 
3, thus adjusting the exciter instantly for a greater 
load. In other words, when an exciter transient 
starts, the regulator instantly introduces a rapid 
transient in the opposite direction, and therefore 
stabilizes the exciter under most conditions arising in 
practise. Its influence on the exciter following a short 
circuit of the alternator is shown in Fig. 138. The 
combination, therefore, of a properly designed com- 
pound wound exciter controlled by an automatic 
voltage regulator, gives excellent stability. 

Resistance in the alternator field circuit increases 
stability by shortening the alternator transient and 
lengthening the exciter transient", thus doubly in- 
creasing the ratio of the durations of these transients. 
If sufficient resistance is put in the alternator field 
circuit, the exciter voltage may reach values above the 
bend of the saturation curve, and so further increase 
the stability by saturation. Figs. 9 and 11 show re- 
spectively the transient following a short circuit on 
the alternator, first without and then with a rheostat 
in the alternator field circuit. 


F. SUMMARY 


1. The form of equation for exciter voltage and 
current is the same as the well known equation for the 


11. By causing the exciter to operate at a higher voltage, thus 
requiring lower resistance in the shunt field circuit. 
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electric circuit containing resistance, inductance and 
capacity. Hence the same form of oscillations and 
transients are involved, the only difference being that 
in the present case the duration of the transients is 
much longer. 

2. Instability may occur when the exciter is opera- 
ting on the straight part of the saturation curve, if in 
addition some combination of the following conditions 
exists: 

(a) very low residual voltage—say 1 per cent or so. 

(b) arelatively large voltage drop in the armature. 

(c) large inductance in the load circuit, as always 
exists in the alternator field. 

(d) alternator transient of greater duration than the 
exciter transient. 

(e) excessive series field strength. 

3. Instability may be classed, for convenience, 
under two headings: (a) voltage “creeping,’’ and (b) 
“double energy’ transients. The former may be 
caused by slight speed transients of the exciter; or by 
temperature transients causing corresponding resistance 
transients in the shunt field circuit; or by hysteresis 
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effects which may be caused by small undulations 
in the exciter voltage. The ‘double energy’ tran- 
sients, suchas oscillationsand reversal of excitation, may 
be initiated by a shock, such as a short circuit on the 
alternator, or sudden, relatively large change circuit in 
constants, for instance a large change in resistance in 
the shunt field circuit. 

4. The exciter can be stabilized against voltage 
“ereeping,”’ (a) by special design to increase the angle 
6 Fig. 3 at low voltage; (b) by a few battery cells 
connected in series with the shunt field, thus giving 
the effect of greater residual voltage e, Fig. 3; (c) 
by separately exciting the shunt field; (d) by automa- 
tic voltage regulator; or (e) by rheostat in the alter- 
nator field, requiring the exciter to operate at voltages 
involving saturation. It can be stabilized against 
“double energy” transients (a) by a properly designed 
series field; (b) automatic voltage regulator, or both 
(a) and (b); (c) alternator field rheostat. 

The author wishes to acknowledge the valuable 
assistance of Mr. R. F. Franklin in the preparation of 
this paper. 


PART IIf—EQUATIONS AND TESTS 


A. MATHEMATICAL ANALYSIS 

Equation for Alternator Field Current. The following 
assumptions are made: 

Constant speed of exciter 

Operation below bend of saturation curve 

Residual voltage, constant 

Resistance of armature circuit, constant. 

Fig. 2 shows the arrangement of circuits and defines 
the different currents, voltages and circuit constants.” 
The differential equations for the voltage in the dif- 


- ferent circuits are as follows: 


Alternator field circuit, 
di te 


ets afr, tk >= Fi (volts) (1) 

Exciter shunt field circuit, 
pp BA a oh It 2 

e =uri+ Fatih uit dt (volts) (2) 

Exciter armature circuit, 
; dt; dig 

@ = €a— ta %a — M Pere we Ly di (volts) (3) 
Also, 

We = +% (amperes) (4) 
Beas 


= generated voltage of exciter 
¥s = ohmic resistance of exciter armature: circuit 
including series and interpole fields, if any. 
Assuming that the exciter is working at low magnetic 
densities, 7. ¢., on the straight part of the saturation 
12. For detailed definition see ‘‘notation.”’ 


13. Armature circuit up to the points where the shunt field 
terminals are connected. 


curve, the equation for the generated voltage is, 


Qa =ea+Ko (volts) (5) 
where, 
@ = flux per pole in magalines 


K = total generated armature volts per megaline 
of flux per pole. 
€) = residual voltage. 
The flux ¢ is a function of both the shunt field current 
and the armature current. Thus, 
@ = kit + kata (megalines) (6) 
where, 
k, = megalines per pole per shunt field ampere 
k, = megalines per pole per ampere in the armature 
circuit. It is thus the net result of the arma- 
ture, interpole and series field magneto- 
motive forces, and may therefore be either 
positive or negative. It is positive if mag- 
netizing, 2. e., if it adds to the shunt field 
flux; and negative if demagnetizing. 
Solving the above simultaneous equations for the rela- 
tion between 7, and ¢, the following well known dif- 
ferential equation is obtained: 


d? 7 dit 
aa tao 2 4+ Bi, =A _ (amperes/sec.’) (7) 
where, 


T2 (i. + M) Sie Ti (L, =F Dz) o [To — K (ky 


+ ka) | (Le— M) — [K ka (ra + 72) | (Li + M) 
(L2— M) (La + M) + (i + M) (La + Le) 


(1/sec.”) (8) 


B= a Rikutyitke to + hats) + tafe + 11%e +1172 
(L2— M) (La + M) + (Li + M) (La + Lz) 


(1/sec.’) (9) 


ll 


be | 
bee! 
No 
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(L.— M) (L, + M) + (L, + M) (Le + Le) 
(amperes/sec.?) (10) 
Equation (7) is a second order, linear differential 
equation whose solution, as given in all texts on dif- 
ferential equations, is, 
to = Cy em? + Cy emt + A/B 


A= 


(amperes) (11) 
where, C, and Cs are integration constants, and 
Mm =—a/2+ /a?/4— 6 (1/sec.) (12) 
M, = — a/2—/a?/4— B (1/sec.) (13) 
Let, 
y =Va/4— 6 (1/sec.) (14) 
and 
ipu= ASB 
€o 
(Fe Va) ae Parnes eke 
(amperes) (15) 


Substituting these relations in (11) the final equation 
for the alternator field current becomes, 


Lo = éte (Cy ev! + Cs és 7-4) + 29 
(amperes) 
Integration Constants 
The integration constants C, and C, will be deter- 
mined for four different boundary conditions. 
Case I. Switches S; and S., Fig. 2, are closed at the 
same instant. 
Thus at t2=205 47 "01s = Oe" "er: 
Hence from (16) 
Ci, + Co+% =0. (amperes) (17) 
Another relation between C, and C, is necessary. This 
is given by equation (1). Since at t = 0, 2, = 0. 


(16) 


a = €)/Ls (amperes/sec.) (18) 
Differentiating (16) and substituting t = 0, 
Hu. = m,C, + m2,C. (amperes/sec.) (19) 
Equating (18) and (19) 
mC, + mC, = wma (amperes/sec). (20) 


L, 


Solving (17) and (20) for C,; and C2, and substituting 
(12), (13) and (14) 


C, = fella — in (¥ + 4/2) 
1 2 EY 
(amperes) (21) 
rep sa €/Le+% (y—a/2) 


27 
Case II. After switch S; has been closed and the 
exciter voltage has built up to its permanent value, 
close S2, Fig. 2. 
Thus at t = 0, 2 = 0, e= 
terminal voltage previous to closing So». 
(16) 


e’ where e’ is the exciter 
Hence from 


C,+C.+%=0 
and from (1) 


- (amperes) (22) 
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d ty 
dt 
Since (22) and (23) are identical in form with (17) ana 
(18), the integration constants for Case II are, by 
analogy with (21), 
C, = Lilbaa toy + 2/2) 
27 


'/ Le (amperes /sec.) (23) 


(amperes) (24) 


C, = _ el lLabin (y= 0/2) 
27 

Case III. Switches S, and S, have been closed and 
the currents 7, and i. have reached the permanent 
values 71, and 7% respectively. Short circuit occurs on 
alternator. 

In this case the boundary anes are taken as those 
existing the instant after the alternator short. circuit 
and are determined by the condition that neither the 
magnetic interlinkages with the alternator field winding 
nor that with the shunt field circuit can change, in the 
first instant, from the values existing-before the short 
circuit occurred. That is, the alternator field flux 
which, before short circuit traversed the low-reluctance 
path through the armature iron, inductance L., must 
now pass through the higher reluctance of the leakage 
paths, inductance L,’, between field and armature 
windings. But since the magnetic interlinkages of this 
circuit!* has not changed. 

Le to = Lex? 4! 

where do’ = Le/ Le" % (amperes) (25) 
There is also, of course, a large alternating component 
of current through the exciter armature, but its effect 
on the exciter is practically negligible, since the fre- 
quency is so high. Likewise, since the flux ¢!° linked 
with the shunt field circuit has not changed, it is by 
(4), (6) and (25) 


before after 


= kyta + he (tir + 0) = ki tis’ + ha (tar’ + 22’) 


(magalines) (26) 
From (25) and (26) 
du! = ta + to (1 — Le/ Dp") i CE Fe (amperes) (27) 
2nus ab. 6, =-0, to = 12’, 4) = ty" 
From (16) 
Ci, + Co + % = 22’ (amperes) (28) 


Another relation is necessary. This is given as before, 
by 

d iz 

Obs 
at t= 0. Substituting in (2) and (1) respectively 
equation (4) and the values of 7, and 7, att = 0, as 
determined by (25) and (27), and equating, a relation 


“14. Equation (25) neglects the relatively small inductance 
L, of the exciter armature circuit. 

15. Strictly this should be magnetic interlinkages instead of 
flux, since the flux may inerease due to partial interlinkages in 
the leakage paths. However, the approximation is justified in 
the present case, since the change in flux is relatively very small. 


7S Sh 


' The latter may not be obvious. 
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dt, d t2 


is obtained between qt and 2 re It is, 
adi, ad te tT — ee Ty er. [ge M dt 
dt Ii,+M I,+M dt 


(amperes /sec. ) (29) 
Equating (1) and (3) and substituting (4), (5), (26) 
and (29), 


dt. x MF 
Magner 
€o i ti’ [K (ky 4 k,) FT Til =F 12! (kK ie TU 
DL,+M 


(La ae L,") a ieeM (L,’ te M) 


(amperes /sec.) (30) 

Thus from (11) and (30) 

d tz 

dt 
Solving (28) and (31) for C, and C2, and substituting 
(12) and (13) 
Oise Gt (ta! — to) CY. +.@/2) 

ee 2 
af 


=G=m,C,i+m.C, (amperes/sec.) (31) 


(amperes) (32) 
G = (te'—%) (y—@/2) 
27 

In calculating a and § from (8) and (9), the value of 
leakage inductance L,’ should, of course, be used 
instead of the total inductance Lp. 

Case IV. Switches s; and s. have been closed and 
7, and 2; have reached the permanent values 7,; and 
72'’ respectively. The shunt field resistance 7, is 
suddenly changed from 7;° to ry’. 

As in Case III, boundary values are taken as those 
existing the instant after 7; is changed, and are deter- 
mined by the condition that the magnetic interlinkages 
of shunt field and alternator field circuits must, for the 
moment, each remain the same. It is necessary to 


dt 


dt 


C, = 


atitcs=0. 


know 22 and 
‘ 4 d tz 
le = 7%) and di 


In the first instant, 
that is at ¢ = 0, the exciter flux ¢ has not changed. 


= 0. 


ste is not zero, but at ¢ = 0 no appreciable change 


has occurred. Hence e has not changed, neglecting the 


insignificant voltage MW i , and therefore 7. has not 


changed. 
d tz 


From (1), 72 = 0. Therefore from (11) and (16) 
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773 
att =- 0, 
Cy + Co + % = 09! (amperes) (33) 
d ty 


=m, Cr + m,C, ea) 


dt (amperes /sec.) (34) 


Solving (33) and (34) for C; and C2, and substituting 
(12), (13) and (14), 


C, = t= to) (y + @/2) 
2° 


(amperes) (35) 

(t2’’ — %) (Y — @/2) 
27 

That is, the same as for Case III when G = 0. In 
calculating 7) from equation (15), substitute r,’ for 
71; In calculating 2,’’ from (15), substitute r,° for rj; 
and in calculating a and 8 from (8) and (9) respectively, 
the total inductance L, should be used, as in Cases I 
and II. 

Consider the character of C,, C2, m; and m2. These 
may be either real or imaginary since each contains 
y, which may be either real or imaginary depending 
upon whether a?/4 is greater or less than @. As dis- 
cussed in texts on differential equations, if the exponent 
y is real the solution involves only logarithmic func- 
tions, if imaginary it involves a combination of logarith- 
mic and trigonometric functions, 7. e., a decaying 
oscillation. 

If y is real, the form of (16) is satisfactory for numeri- 
cal calculation. However, if it is imaginary it becomes 
necessary to rewrite (16) in a different form for calcu- 
lation. 

For the latter case, that is when 

a?/4 <_ B 
let y' =v B-a’/4 (1/sec.) (36) 
Then: y= yey’ (1/sec.) (37) 
The constants of integration in all four cases are of the 
form 


Cz = 


oe “e a ea i) b | 
yer 
} (amperes) (38) 
Cyan trl 
Je¢ | 
where in 
Case I 
@ = @/L,— a/2%  (amperes/sec.) 
b. = tay’ _(amperes /sec.) (39) 
Cis 2- Fe (1/sec.) 
Case II 
a =e'/L,2— a/2%)  (amperes/sec.) a 
G= ty" (amperes /sec.) (40) 
ee pe (1/sec.) 
Case III _ : 
~@ = G+ a/2 (t2’ — %) (amperes/sec.) 
6b =— ¥' (t2’— %) (amperes/sec.) (41) 
Chai (1/sec.) 


Case IV 
a = a/2 (t9’’ — 1%) (amperes /sec. ) 
b =— vy’ (t2’’— %) (amperes/sec.) (42) 
CiaZ 5 (1/sec.) 


Thus in all four cases the equation for 72 is by (16) 
_&, hae 

neon 2524 
fe 


But, by Euler’s relation, 
= cos y’t+ 7sin y’t 


a+ 7b 


@i7't ss s eit 
je 


]+i 


(amperes) (43) 
Ej t 

, ; (numerical) (44) 
et =cosy’t—Jsiny’t : 
Substituting (44) in (43), 


ip = 2/ee 2 (asin y’t— beos y't) +4 


(amperes) (45) 
or, simplifying, '® 
NG eo 
2 = a € 2 sin (y’t+ 0) +% 
(amperes) (46) 
where 6 = arctan (— b/a) (radians) 
Exciter Voltage 
From equation (1) 
eee as ee (1) 


As discussed in the foregoing, there are two cases to 
consider: (1) when y is real, and (2) when y is imagin- 
ary. 


(1) when y is real. Use equation (16). 


Thus 
to = ei 5 [Cy ev! oh Gs ad | oa 16 
(amperes) (16) 
Differentiating (16), 


T =e? [(y— a/2)Cie"= (y + a/2) CC. €"] 


(amperes /sec. ) 
Hence from (1) 
Gee | rk Lety — a2) Cy ee tr; 
= Lg (4 + a/2) } Gs ev] + 20 T2 


(volts) (47) 
C, and C, being determined by— 
(21) for Case I. 
(24) for Case IT. 
(32) for Case III. 
(85) for Case IV. 
(2) when y is imaginary. Use equation (45). 
Thus, 
ig = 2/6 e 2 (asin y’t—beos y’t) + % 
(amperes) (45) 


16. For plotting results (45) is perhaps the better form, because 
although it requires two curves to be plotted, there is no difficulty 
in keeping signs straight, as there may be if (46) is used. 
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Differentiating (45), 
di, _ €%! 

dt c 


[(2 y’b-—aa)siny’t+(2y'a 


+ ab) cos y’ t] 
Hence, from (1) 


(amperes /sec.) 


gs 
[{2r,a4+ L.(2 y’b—aa)}sin y't 
— {2r,b—1n,(2 y'a + ab) } cos y’t] 
+ to Ye . (volts) (48) 
where a, 6 and ¢ are determined by— 
(39) for Case I. 
(40) for Case II. 
(41) for Case III. 
(42) for Case IV. 


B. DISCUSSION OF ASSUMPTIONS 


Fig. 2 shows the circuits considered. The equations 
therefore apply strictly to an individual exciter con- 
nected to an alternator field, and not to a number of 
exciters in parallel. However, if the exciters in parallel 
have the same characteristics, and operate at constant 
speed, as assumed, then the group can be considered as 
a single unit with constants as resultant of those of the 
several exciters; and the alternator field connected to 
the bus can be considered as a single circuit with result- 
ant constants. Then the equations will apply. 

However, the object of the equations is much less 
to calculate the behavior of exciters in service than to 
investigate and determine, once. for all, the factors 
which cause unstable exciters and the factors which 
make them stable. Because, if an exciter is stable when 
operating as an individual unit under the shocks of 
alternator short-circuit and other conditions, here 
considered, it may be safely assumed that it will also 
be stable when in parallel with others. . 

Do not misunderstand. Load “grabbing,” etc., due 
to lack of respect for fundamental characteristics of 
d-c. machines when making connections or adjustments 
of such machines in parallel, is not considered. It is not 
fair to blame the exciter for ‘‘grabbing’’ the load or 
reversing if thrown on the bus at too low or too high 
voltage, or if it is not properly “‘equalized.”” No one 
would blame an engine for running away if its governor 
were out of adjustment. This sort of “instability” 
is not considered, and in the other respects which are 
considered, an exciter which is stable as an individual 
unit can be regarded as stable also when in parallel. 

The fact that the alternators operate in multiple 
does not significantly affect the behavior of the exciters 
under the conditions considered. 

Constant speed is assumed. A change in speed will 
produee a transient in the voltage designated in Part © 
I as “creeping.” This transient may be determined 
from the equation by using the value of e, and k, 
corresponding to the new speed, and substituting the 
existing currents, ete., before the change as boundary 
conditions to determine integration constants. In 
this type of transient the voltage differences which 


€ 
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sustain the transients are very small. In the other 
type 7. e., “double energy”’ transients, due to shock, 
such as alternator short circuit, the voltage differences 
involved in the transients are very large. Therefore 
in the latter case, any small variations in voltage due 
to slight speed change, being a small percentage of the 
large voltage difference involved, do not materially 
affect the results as calculated on the assumption of 
constant speed. 

Operation on the “straight” part of the saturation 
curve, and a constant residual voltage are assumed. 
That is, the saturation curve is expressed by the linear 
equation (5). Actually, the curve, especially on small 
exciters, is neither absolutely straight at the lower 
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Tests were made as far as possible under conditions 
of the four different “‘Cases’”” for which integration 
constants were determined. Change of constants in 
each different Case!* was'also made with corresponding 
calculations and tests. 

The data substituted in the equations for results to 
compare with tests, are calculated’ from designs of the 
exciter and alternator. 

Tests 

Case I. Switches S; and S, closed at the same in- 
stant. See Fig. 2. 

(a) Shunt exciter?® with interpoles; brushes two 
bars (8.5 mechanical degrees) forward?! from the 
neutral position. 
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densities nor does it have a constant intersection é 
as residual voltage. Hysteresis. determines both. 
However, the curve is approximately straight, and the 
residual approximately constant, sufficiently so to 
warrant the assumption—particularly, since the purpose 
is not to calculate magnitudes with great accuracy, but 
only to investigate the character of phenomena and the 
factors upon which they depend. Thus it will be 
observed that the tests in this respect compare well 
with the calculated results. If an oscillation is pre- 
dicted, it occurs. Its frequency may be different, but 
it is an oscillation. Just so for logarithmic transients. 
But in the main, even magnitudes are close. 


C. CALCULATIONS AND TESTS 
Calculations and tests were made on a 25,000 kv-a. 
25-cycle 300-rev. per min. alternator excited by a six- 
pole compound-wound, interpole, 150-kw., 1200-rev. 
per min., 250-volt, induction-motor-driven exciter. 


Fic. 6 
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Dataz?- thy. = 5 3 36 

es 0.000075 

M=-— 0.055 

ley = 0.805 

& = 5 

tT = 0.35 

ee RY 
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Ko B23 

k= 0.00125 


Fig. 5 shows the calculated and test results. With 
the above constants, y is imaginary. Hence the cal- 


17. Thus Case I, Case II, ete. 

18. Case Ia, Case Ila, ete. 

19. Except k., which was measured. 

20. Series field omitted. 

21. In direction of rotation. 

. For definition of symbols see ““D. NOTATION.” 


776 DOHERTY: 
culated curve for current was obtained from equations 
(39) and (46); voltage, from (39) and (48). The test 
curves are taken from oscillograph records. 

Case II. After switch S; has been closed and the 
exciter has built up to permanent condition, S, is 
closed. 
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(a) Shunt exciter with interpoles; brushes two bars 
forward from’ neutral. 


Data: sameasin Case [ a. 


Fig. 6 shows the results. The calculated curve for 
current was obtained from equations (40) and (46); 
for voltage, from (40) and (48). The tests curves were 
taken by stop watch and meter readings. 
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Fig. 9 


It will be observed that the current and voltage 
actually pass through negative values before finally 
settling at positive values. 

(b) Shunt exciter without interpoles; 
bar forward. 


brushes 1/2 
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Data: Same as in Case Ia, except: 
ka. = — ‘0.00317 
Cima 67.3 
M =— 0.142 
te = 0.013 


Fig. 7 shows voltage transient. The calculated 
curve was obtained from equations (40) and (48). 
The test curve was taken by stop watch and meter 
readings. 

It will be observed, as in Case IIa, the voltage 
passes through negative values before finally settling 
at positive values. The lower frequency of the test 
curve as compared to the calculated curve is probably 
due to slowing up of the transient by hysteresis as 
explained under ‘“‘B. Discussion of Assumptions.” 

(c) Shunt exciter without interpoles; brushes 1/2 
bar forward: 1.35 ohms external resistance in the 
alternator field circuit. 
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Data: Same as Case IIb, except, ro = 1.70. 

The voltage transient is given in Fig. 8. The cal- 
culated curve was obtained from equations (40) and 
(48). The test curve was taken by stop watch and 
meter readings. 

In contrast with Case IIb, it will be observed that the 
voltage does not oscillate and pass through negative 
values in going from the one condition to the other. 
The large increase in alternator field resistance rz 
sufficiently increases the relative magnitude of a 
with respect to 8 (see equations (8) and (9) ) to make 


y=~VJa'/4— 6 real. 
Css III. Switches S; and S; have been closed and 


currents 7; and 22 have reached their permanent-values. 
Alternator suddenly short-circuited. 


(a) Shunt exciter with interpoles: brushes two bars 
forward. 


August 1922 
' Data: Same as ‘Case Ia except: 
mn = 51.2 
Lea Ey" 042 
Fig. 9 shows the calculated and test results. With 
the above constants y is real. Hence the calculated 
curve for current was obtained from equations (32) 
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and (16); voltage, from (32) and (47). The test curves 
are taken from oscillograph records. 

The calculated curves both pass from positive to 
negative values and return again to positive, whereas 


the test curves, although following the calculated 


Rj sone ‘— 


Fia. .12 


reasonably close to the maximum negative value, 
nevertheless do not return to positive values but remain 
negative. 
tion assumes the residual voltage e, to be constant and 
thus always positive. Hence the current and voltage 


This is explained by the fact that the equa- © 
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must, by the equation always return to positive values 
Actually, however, the residual reverses when the 
voltage and current reverse and hence in this case the 
test curves remain negative. 

If it appeared worth the trouble, the equation could 
be made to apply by step calculations. That is, a 
second set of boundary conditions could be taken as 


those existing at maximum negative e, 7. e., at t = 4 
seconds, Fig. 9, and reversing the sign of é,. 
(b) Compound wound exciter with interpoles; 


brushes two bars forward. 


Data: Same as in Case IIIa except: 
k, = + 0.00055 
Ty, = 1622 
ro = 0.016 
M-= + 0.0247 


Calculated and test performance of the exciter is 
shown in Fig. 10. Thus comparing this with Fig. 9, 
the addition of the series field prevented decrease of 
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excitation under the condition of sudden short-circuit 
of the alternator. 

The calculations were made by the same equations 
as in Case IIIa, and the test curves were taken from 
oscillograph records. 

(c) Shunt exciter with interpoles; brushes two bars 
forward; 0.22 ohms external resistance in alternator 
field circuit. 


Data: Same as in Case Ia except: 
Tee Oy 
Be = (0.42 
Ve a 56.0 


Performance curves in Fig. 11. . Calculations from 
same equations as in IIIa; test curves from oscillograph 
records. 
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Fig. 14 


The alternator field resistance prevented Jreversal, 
but permitted the exciting current to decrease to about 
half the value existing before short circuit. -> 

(d) Shunt exciter with interpoles; brushes one-half 
bar forward; no external resistance in alternator field 
circuit. 


Data: Same as in IIIa except: 
big 0.42 
ka. .= 0.00012 
M =-—~. 0.0055 
C100 
Nr = 64.5 
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Fig. 12 shows the exciter to be stable under this 
eondition. That is, with only one-half bar forward 
shift of brushes from neutral, the droop in the volt- 
ampere characteristic, as shown in Fig. 4, is not suf- 
ficient to cause instability under the conditions of this 
test. 

(e) Shunt exciter with interpoles; brushes two bars 
forward; automatic voltage regulator; low exciter 
voltage, to give the least favorable condition for the 
regulator operation. 

No calculations made. Fig. 13 shows the exciter 
performance under test. The regulator thus prevented 
decrease in excitation following alternator short-circuit. 

Case IV.-. Switches S,and S, have been closed and 
7, and 7 have reached the permanent values 7;, and 
i2'’ respectively. The shunt field resistance 7; is 
suddenly changed from 7° to ry’. 
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(a) Shunt exciter with interpoles; brushes two bars 
forward. 


Data: Same as in Case Ia except: 


T1 = 71° = 51.2 before 
fy ri" ="60. 0 after. 

Calculated curves are shown in Fig. 14. From the 
above data vy is imaginary. Hence equations (42) 
and (46) were applied for current; (42) and (48) for 
voltage. This condition gives very long, low-frequency 
oscillations, similar to Case Ia. Tests were made, and 
such oscillations were observed, but were not recorded. 

These same calculations are plotted in different 
form in Fig. 15. Here, the exciter voltage is plotted 
against the current 72, both being sine functions of 
time. This makes it possible to show the transient 
current and voltage in relation to the volt-ampere 
characteristics a and 6 of the exciter, and c of the receiv- 
ing circuit, 7. e. alternator field. The volt-ampere 
characteristic a corresponds to 
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n= T,° => 51.2 
and b, to 

f= Tr = 00.0 
The curve c corresponds to 

tT. = 0.35 


Before the change the point of operation must be on 
a and c, thus at m; after, it must ultimately be on b 
and c, thus at n. The transition is shown by the spiral 
curve. 

(b) compound wound exciter with 
brushes two bars forward. 


interpoles; 


Data: Same as in Case Ia except: 
M=-+ 0.0247 
r, = 7,°= 76.2 before 
fy = 41, 90.0 alter 
tT = 0.016 
ke = + 0.00055 


Starting at the same values of exciter voltage and 
current as in IVa, but now with series field, of course 
requires higher voltage of rj. 
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From this data, y is real. Hence apply equations 
(35) and (16) for current; (35) and (47) for voltage. 

The result is shown in Fig. 16. Thus the series 
field eliminated the oscillation, giving a gradual decrease 
of excitation to the new permanent value. As in Case 
IVa, these data are also plotted in Fig. 17, showing the 
transient in relation to the volt-ampere characteris- 
tics. The curve shows a gradual decrease from the 
point m on a, to n on b, a and b being the volt-ampere 
characteristics of the exciter with the series field. 

D. NOTATION 

A defined by equation (10) 
a exponent, defined by equation (8) 
a, b, c integration constants, defined by equation 33) 
B coefficient, defined by equation (9) 
C;, C2 integration constants 
e exciter terminal voltage 
e’ exciter terminal voltage at no load 
Ca exciter generated voltage 
eo exciter residual voltage 
€ 2.718 


di 
G ae , given by equation (30) 


» 
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y exponent, defined by equation (14) 

exponent, defined by equation (36) 

14 exciter shunt field current 

ti particular value of 7; in Case III 

71: particular value of.7,, defined by equation (27) 
te alternator field current 


de particular value of 72, defined by equation (25) 
a2" __ particular value of 7, defined by equation (33) 
La exciter armature current 

to particular value of 72, defined by equation (15) 
joovoi 


K total generated armature volts per megaline of 
magnetic flux per pole 
ky megalines per pole per shunt field ampere 
Ie, megalines per pole per ampere in the armature 
circuit. It is thus the net result of the arma- 
ture, interpole and series field magneto- 
motive forces, and may therefore be either 
positive or negative. It is positive if magnetiz- 
ing, 2. e. if it adds to the shunt field flux; and 
; negative if demagnetizing 
Ty total inductance (henrys) of shunt field circuit 
TL, total inductance (henrys) of alternator field 
circuit 
leakage inductance (henrys) between the alter- 
nator field and armature circuits, expressed 
in terms of field circuit 
1BS total inductance (henrys) in armature circuit, 
including the armature and the series and 
interpole field windings, if any 
M mutual inductance (henrys) between shunt and 
series windings. It includes the mutual in- 
ductance of any demagnetizing or magnetiz- 
ing, armature or interpole turns 
M,,mz defined by equations (12) and (13) respectively 
ry resistance (ohms) of shunt field circuit 
r,° particular value of r; in Case IV 
yr,’ particular value of r; in Case IV 


Te resistance (ohms) of alternator field circuit 

Figs ohmic resistance of exciter armature circuit, 
including series and interpole fields, if any 

o magnetic flux per pole in exciter in megalines 

0 angle whose tangent is (— b/a), equation (46) 

t time in seconds 


Bibliography 


“Reversal and Loss of Residual Magnetism in Exciters’’, 
J. Kelen, Hlek. und Masch., May 16, 1920, V. 38, pp. 225-226. 

“Residual Magnetism in Exciters and its Remedy’’, A. Mandl, 
Elek. und Masch., Oct. 20, 1918, V. 36, pp. 469-472. 

“Trouble with Directly Connected Exciters Due to Polarity 
Reversal,’ G. Rutherford, Elec. World, March 18, 1916, V. 67, 
pp. 658-659. 

‘Reversal of Exciter Polarity,” M. A. Walker, Power, June 
12, 1917, V. 45, pp. 792-794. 

“Alternator Excitation and Exciters,”’ 
1, 1916, V. 44, pp. 166-168. 

“Considerations which Determine the Selection and General 
Design of an Exciter System,” J.T. Barron and A.’E. Bauhan, 
A. 1. E. BE. Transactions, June 1920, V. 39, pp. 1520-1561. 


G. Fox, Power, Aug. 


780 

“Factors in Excitation Systems of Large Central Station 
Steam Plants,’ G. W. Parker and A. A. Meyer. .A.:I. E. E. 
TRANSACTIONS, June 1920, V. 39, pp. 1563-1573. 

“Exciters and Systems of Excitation,’ H. R. Summerhayes, 
A. I. E. E. Transactions, June 1920, V. 39, pp. 1575-1594. 

“The Application of D-C. Generators to Exciter Service,” 
C. A. Boddie and F. L. Moon, A.-I. E, E. Transactions, 
June 1920, V..39, pp. 1595-1623. 

“Generator Excitation Practice in the Hydroelectric Plants 
of the Southern California Edison Company,” H. H. Cox and 
H. Mechener, A. J. HE. E. Transactions, June 1920, V. 39, 
pp. 1633-1644. 


Discussion 


W. A. Hillebrand: A ratherstartling instance of an oscilla- 
tion such as Mr. Doherty has just described, came within my 
observation some three years ago. There was a two-pull electro 
magnet for a Paulson high-frequency are converter, the magnet 
weighing approximately 30 tons, and they had only 5-kilowatts 
of are converters at the station. Now the magnet itself was 
perhaps the most. powerful that was ever delivered, and it was 
excited by a 250-kw.;.500-volt d-c. generator, direct connected 
to a 2400-volt induction motor. Now what happened was that 
the power went off. The energy stored in the magnetic field was 
sufficient to stop the motor-generator set, reversing it. This 
reversal of rotation of the motor generator demagnetized the 
magnet, magnetizing it in the opposite direction, and again 
brought the set to rest. That is, there was a highly damped 
oscillation of very low frequency lasting for a cycle and a half. 
We ran saturation curves under various conditions, and finally 
after the last run the current was cut off, and I think some three 
or four minutes after the machine was completely disconnected, 
while we were stripping it, we still got an are, showing the cur- 
rent was still flowing. That is, it took several minutes, due to the 
very slow decay before the current came to zero. 

R. J. C. Wood: This question of exciter instability and the 
results shown in the paper seem to make a pretty good argument 
for the individual exciter direct connected on the generator 
shaft. That is a type of construction to which we are going with 
our latest large units. When the construction is in that form 
the exciter can be properly designed to meet the conditions of 
the generator, and so on, so it will not be working on the low 
portion of the saturation curve. 

While it is not an illustration exactly of exciter instability, 
yet this calls to my mind the conditions that exist when there is 
a long transmission line connected to a generator and the 
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generator becomes self-exciting due to the charge on the line. 
You then get an instability not because the exciter is unstable, 
but because the whole excitation of the machine is unstable. 
A certain definite voltage on the transmission line causes a charg- 
ing current of a certain definite magnitude to flow, and that cur- 
rent leading the voltage excites the armature and the field 
exactly in an opposite direction to the ordinary demagnetizing 
effect of a lagging load, consequently if the voltage produced by 
this exciting current is greater than that necessary to produce 
the current which caused the excitation, the machine will 
build up until saturation of the iron causes a balance. 

G. F. Brown: Mr. Wood raised the question of the satura- 
tion curve. Where a voltage regulator is used, and machines are 
operated as they are on these large transmission systems, 
they require a broad range of regulation. A considerable margin 
in voltage over your operating point of exciter voltage is required, 
which in general means that you must operate all these machines 
lower on the saturation curve. 

There are some points in this paper on the question of applica- 
tion that bring out the point that more attention should be paid 
to the application of exciters. For instance, in large steam tur- 
bine stations in the east, where there are no extensive lines at- 
tached, the results indicate that we should use compound-wound 
machines. Perhaps I had better carry that a little further. 
On a system such as you are operating in the West, on long lines, 
a compound wound exciter has some disadvantages. For in- 
stance, the point Mr. Wood spoke of; under conditions of self- 
excitation it is difficult to carry the regulation of voltage down 
as low as you would like. In conditions of run-away, it is im- 
possible with the series field on the exciter unless you have a lot 
of applications.in the way of voltage relays and devices for switch- 
ing resistance into the ecireuit. It would seem that the simp- 
lest application i, e. broad range regulators, shunt-wound ex- 
citers, would be preferable for such eases. 

R. E. Doherty: I agree with Mr. Wood -that for large, 
important generating units the individual exciter is preferable. 
There are, of course, the well known points of controversy as 
to whether a direct-connected exciter is preferable to one driven 
by other means; tot with respect to stability of operation, 
but to freedom from shut-downs. But, whether direct connected 
or separately driven, the individual exciter is, in my opinion, 
preferable. 

I agree also with Mr. Brown that there are instances, such as 
he mentions, where shunt-wound exciters may be preferable to 
compound-wound. It simply means that in such cases, other 
considerations, deemed more important, make it necessary to 
sacrifice the inherently stable feature possessed by the compeund 
exciter. 
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Electrical Characteristics of Transmission Systems 
BY HERBERT BRISTOL DWIGHT 
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In making the electrical calculations for along transmission line, it is desirable to include the effect of the step-up 
and step-down transformers and to make a direct calculation for the complete system, without any trial and error pro- 


cedure. 


A method for doing this is described for constant-voltage lines, since long, high-power lines, especially those 
of 220,000 volts, usually require to be operated at constant voltage by means of synchronous condensers. 


The necessity 


of using the hyperbolic theory in calculating such lines is pointed out. 


HE electrical characteristics of a simple transmis- 
sion line of uniform design throughout are usu- 
ally calculated from the resistance, reactance and 

capacitance of the line. However, the characteristics 
of the line alone are often not so useful to know as the 
characteristics of the complete system, including trans- 
formers and synchronous condensers, and sometimes 
with different types of conductors used on different 
parts of the line. Where synchronous condensers are 
used, it is usual to assume that they hold the 
voltage constant at certain points. 

In this article is shown a method of calculating the 
characteristics of a constant-voltage transmission 
system, including the effect of the transformers, the 
distributed capacitance of the line, and changes in 
size and grouping of conductors. 

It may be stated as a well-established fact that any 
transmission line long enough, and with a power load 


-large enough to justify the adoption of 220,000 volts, will 


require to be operated as a constant-voltage transmission 
line, using synchronous condensers. 

The adoption of 220,000 volts means increased cost 
of transformers, circuit breakers, line insulators, and 
towers which must be large enough to provide wide 
spacing between conductors. It will therefore, be 
economical to use such a high voltage only for a large 
block of power transmitted a long distance, and this 
is found to require a low resistance conductor of large 
size, approximating one inch in diameter. This large 
size of conductor is required also ‘in order toavoid trouble 
from corona, though a large diameter for this purpose 
may be secured by the expedient of using a large steel 
core. Now, overhead conductors of very large size 
have several times as much reactance as resistance, so 
that the maximum load which may be carried by the 
line is determined by voltage variation and not by line 
loss. It is:in such cases that synchronous condensers 
for holding the line voltage constant have been found 
to be most profitable. 

It may also be stated that for any 220,000-volt trans- 
mission system, and, indeed, for much less important 
systems, it is necessary to take accurate account of the 
distributed capacitance according to the hyperbolic 
theory, in order to avoid serious errors in the calculated 
results. 

This is very well shown by the transmission line 
problem given in Fig. 5 of F..G. Baum’s paper on 
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“Voltage Regulation and Insulation,’’ JOURNAL of the 
A. I. KE. E., August, 1921, page 648. Mr. Baum used 
an approximate method of calculation which was not 
based on the hyperbolic theory. As a result, he ob- 
tained a value of 124,000 kv-a. of synchronous condens- 
ers for a load of 104,000 kw. As a matter of fact, 
82,000 kv-a. of synchronous condensers are required 
for the line in question at full load, which is the only 
condition considered in Mr. Baum’s paper. Con- 
sidering both no-load and full-load conditions, the 
required capacity to maintain constant voltage is 
244,000 kv-a., or 235 per cent of the value of the load in 
kilowatts. There is also a considerable discrepancy 
in the calculated efficiency due to using the approxi- 
mate method of calculation. The approximate method 
gives 71 per cent efficiency, but this should be 77 per 
cent, according to the data given. 


It is doubtless true that synchronous condensers 
would be required at intervals in order to transmit 
power 800 miles at 220,000 volts, though possibly not 
at such close intervals as 150 miles. However, it is 
necessary to use the hyperbolic theory if even a rough 
estimate is to be made of the operation of the system 
or the amount of synchronous condensers required. 

A very useful method of determining the size of 
conductor and the features of loading and controlling 
a constant-voltage transmission line, is to draw a 
circle diagram for the line in question. This shows the 
operation of the synchronous condensers under all 
conditions of load and it gives the maximum load 
which can be carried by the line at the voltages con- 
sidered. The efficiency of transmission and power 
factor at the generators for various loads may also 
be conveniently plotted above the diagram. (See 
Fig. 2.) 

The circle diagram is advantageous, first, because it 
gives results for all loads and not for one or two particular 
loads only. Second, because it is not a trial and error 
method but it gives results at once for the definite 
supply and receiver voltages chosen. In the: third 
place, concentric circles may be drawn with practically 
no extra calculation whatever, to show the results for 
different values of the supply voltage E,. (See Fig. ?.) 
In the fourth place, it is possible with very little extra 
work to obtain precise calculated results by means of 
the calculated data used in making the diagram. 

The method of drawing a circle diagram of a constant- 
voltage transmission line, not including the step-up and 
step-down transformers, but taking account of the 
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distributed capacity according to the hyperbolic theory, 
has been published by the author in “‘Constant-Voltage 
Transmission,’ pages 78 and 99. The present article 
gives formulas for drawing the diagram or calculating 
the results when the transformer resistances and reac- 
tances are included in the circuit, the notation used 
being similar to that in the book referred to. Average 
values have been taken for the transformer core loss 
and magnetizing current, and for the condenser loss, 
and these have been included in the calculation. 

A similar method for including the transformer 
characteristics in the transmission circuit calculation 
has been worked up by Messrs. R. D. Evans and H. K. 
Sels and published by them in the Electric Journal. 
A useful reference in connection with this kind of cal- 
culation is ‘The Calculation of Transmission Line 
Networks” by Prof. T. R. Rosebrugh, Bulletin No. 1. 
1919, of the School of Engineering Research, University 
of Toronto, which gives the general circuit constants for 
several lines in parallel, in series-parallel, and with 
intermediate loads, etc. Such general constants are 
often applicable in the following circle diagram calcu- 
lation. 

By making allowance for the transformer charac- 
teristics, the preliminary calculation is made somewhat 
longer than for the line alone, but the construction of 
the diagram itself is not made any more complicated 
in any way. 

Let the constant voltage at the low-tension side of 
the receiving transformers be E volts to neutral, 
(equivalent high-tension voltage). See Fig. 1. Let 
the load current combined with the reactive current 
from the synchronous condensers be P + 7 Q amperes 
per conductor, (equivalent high-tension current). Q 
is a positive quantity when leading and negative when 
lagging. Let the average loss in the synchronous con- 
densers be represented by the current P, in phase with 
E. Let the core loss and magnetizing current of the 
receiving transformers be represented by the admit- 
tance G,, + 7 B:, at the average operating high-tension 
voltage. Let the corresponding quantity for the supply 
transformers be G,, + 7B.,. The core loss current 
and the magnetizing current of a given transformer are 
assumed to flow in the primary winding of that trans- 
former and not in the secondary winding. The imped- 
ance of the receiving transformers is R,, + 7 X1,, and 
that of the supply transformers is R,, + 7 Xis. 

The process of calculating the data for the circle 
diagram consists in starting at the load end, where the 
voltage E and all other conditions are known except the 
current P +7Q. The voltage and current at each 
part of the system are then calculated, using numerical 
values of all quantities except that the letters P + 7 Q 
will always appear. Thus finally the value of EL, will 
be obtained in terms of P and Q and numerical quanti- 
ties, See Equation (16) and example I. 

In Fig. 1 is indicated a typical constant-voltage 
transmission line. If the size of conductor, or the 
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spacing, changes at a certain point on the line, the 
voltage EH, at that point should be marked on the 
diagram and calculated in the usual way. Voltages 
in the calculation are considered measured to neutral, 
and currents are in amperes per conductor. Thesystem 
is considered to be three-phase. 


Freceiving 
Transformers 


Fer sae X¢r 


4Zoad) 
: es £ im 


Synchronous 
Condensers 


Supply 
Transformers 
Firs FIXes 
Generators 


Load Current = PY g, 
Load Current + Freactive Current from Synchronous Condensers = Pe 
Current for Average Loss in Synchronous Condensers = Pz 


Line 
R+yX 


Admittance fer Core Loss and Magnetizing Current of 

Recewing Transformers at Average Vo/tage = Gy, + j Byy. 
Admittance for Core Loss and Magnetizing Current of 

Supply Transformers at Average Vo/tage = Gy, +. S Zies 


Fig. 1—ScHEemMe or CONNECTIONS OF CONSTANT-VOLTAGE 
TRANSMISSION LINE 


Numerical values, except for P and Q, are to. be 
inserted in the following equations; 


Current in secondary of receiving transformers 


I, =P+jQ+P. amperes per conductor (1) 
Voltage induced in recewwing transformers 
BE, =H+1/21,(Rn +7 Xt) volts to neutral (2) 
Current in primary of receiving transformers ’ 
I, = Ta == Eu (Gir +7 B,,) 
amperes per conductor (3) 
Voltage at receiving end of transmission line 
BE, =F£,+1/2I,(Rr+jX+) volts to neutral (4) 
Voltage at supply end of transmission line 
YZ Y? 2? 
igA Y? Z 
+1Z(14 2x3 T BXBxK4IXS 
Or gia ) volts to neutral (5) 
Current at supply end of transmission line 
Ve Y? Z? 
Hitches ina api a een) 
YZ Y? Z 
+B. ¥(1+ 2x3 * 2x8K4x5 
Se ) amperes per conductor (6) 


The equations for the voltage Ey, and current J;, 
ete., at an intermediate point or points where the line 
characteristics change, are of the same form as (5) and 
(6). 

Note that Y = G + 7 B, the admittance of the line, (7) 
and Z =R-+ 7X, theimpedance of theline, (8) 
The series in Y Z are very convergent at commerical 
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frequencies and can be quickly evaluated. It may be 
noted that 
A Y? Z? 
Seg es ApS aie 
= cosh of YZ (9) 
; ¥Z Y? Z? 
en hee yar g noe Fea SeE PAY 
Bg Ne cued) 
ny aA 


Current in secondary of supply transformers = I, (11) 
Voltage induced in supply transformers 
Ey = E+ 1/2 A be (Ris +9 Xis) 
volts to neutral (12) 
Current in primary of supply transformers 
ipg=dy a hAGe + 7 Bie 
amperes per conductor (13) 
Voltage at generator terminals 
Be, = Ha+1/27a(Ri +7 Xs) 
volts to neutral (14) 
Current at generator terminals 
C+ 7D =I, amperes per conductor (15) 

The voltage and current at the generator terminals 
may thus be found in terms of P, Q and numerical 
quantities. It is noteworthy that no trigonometrical 
calculations are required, but only the multiplying of 
complex quantitites, for which a slide rule is sufficient. 
The voltage H' remains the reference vector throughout 
the entire calculation. ; 

Let #, = E’+j7E" + (P4+]7Q) (R’4+ 7X’) 

volts to neutral (16) 
where numerical values have been found for the letters 
with dashes, from (14). 

Equation (16) is of exactly the same form as the 
equation for a transmission line alone, not including 
transformers. A circle diagram may therefore be 
drawn for the complete transmission system indicated 
in Fig. 1, in which EF, and E are voltages kept constant 
by means of synchronous condensers. Such a diagram 
will indicate the kv-a. required from the condensers 
for any given load. 

If, as is sometimes done, the voltage at the supply 
end is kept constant on the high tension side of the step- 
up transformers, F’,, the constant supply voltage, would 
be in the place occupied by F., Fig. 1. 

From equation (16) the absolute value of the supply 
voltage EL, may be obtained. Thus, 

BE? = (E'+PR’-QX’')?4+ (#"4+ PX’+QR’)? 

(17) 

In the case of a constant-voltage line, P and Q are the 

only variables. 

Equation (17) is the equation of a circle. It reduces to 
’pr yr? (Ag rey Oe 8h es 

(P+ 2 BARELY + (0 SAGE E) 

EY 


+X" 
Teka Kotebocib i”) 
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Since P and Q represent currents, equation (18) 
should be multiplied throughout by 
3 EF 
1000 


to give a circle showing the relation between kw: and 
reactive kv-a. at the receiver end of the constant- 
voltage line. 

The center of the circle is the point (a’, b’) where 


(19) 


pe PRS IS eR” apne Xe 
Paces 900 Rep ye we ra 
tse TB IM Bex EB” R! 
bo = + 1000 RR? 1X? kv-a. (21) 
The radius is 
(pel sigs E, 
ce = + 1000 VRP EX? kv-a. (22) 


In order to plot the reactive kv-a. required from the 
synchronous condensers, first draw a straight line at 


100%, 
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— 50,000 oO 52,000 100,000 452000 200000 
Au of Load 
Fig. 2—Circie Diracram ror 220,000-Voit, ConsTant- 


VoLTAaGE TRANSMISSION LINE 
(See example 1) 


an angle 6 below the base line, where cos @ is the power 
factor lagging, of the load. If the power factor is not 
the same at all loads, the line will not be straight, but 
will be a curve showing the reactive kv-a. of the load 
from no load to full load. By means of a pair of divi- 
ders add the reactive kv-a. of the load to the cor- 
responding ordinate of the circle, thus plotting the 
curve of kv-a. required from the synchronous condens- 
ers. See Fig. 2. 
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Theoretical Limit of Load, in Kilowatts 
Maximum Load = c’ + a’ kw. (23) 
This is numerically less than ¢’ since a’ is a negative 
quantity. It may read from the circle diagram as it 
is the farthest distance to the right reached by the 
circle. 

Calculated Value of Reactive Kv-a. The method 
described in this article is not necessarily a graphical 
method. It is possible to calculate the reactive kv-a. 
directly, which is sometimes desirable in order to obtain 
a more precise result than that obtained graphically 
from the diagram. A direct calculation made in this 
way is less work than a “trial and error’ method, which 
would generally involve calculating the problem more 
than once. 


The value of the reactive kv-a., Se , for a given 
1000 
power load une , may be found from the following 
equation: 
BS RG: aaemanee CP ay 
("= p00:.) = &= (“tooo = @ ca 


The reactive kv-a.. required from the synchronous 
condensers are equal’ to 
3 EQ 83HP sin @ 


1000 ‘1000 “cos 0 - kv-a. 


(25) 


3EP 
where the power load is — 1000 


factor cos 6. -It should be remembered that b’ is a 
positive quantity and a’ is a negative quantity. It is 
worth while checking the results of equations (24) and 
(25) by drawing the circle diagram and obtaining the 
same results graphically. 

Concentric Circles.. Since a’ and-b’- which give the 
center, are independent of the constant supply voltage 
E,, and since, the radius.c’ is directly proportional to 
E,, it is evident that:a number of circles corresponding 
to different values of #, may be drawn about the same 


kw. at a lagging power 


center. See Fig. 2. 
Total Losses. 
Let A = E’+PR’—QX’ voltstoneutral (26) 
and B =H" +PX'’+QR’ voltstoneutral (27) 
The losses in the transmission system equal: 
i (AC +BD-EP) kw. (28) 
This does not include the generator ‘osses. ‘When the 


constant voltage FH’, is on the high tension side of the 
step-up transformers the losses in the step-up trans- 
formers are not included in expression (28)... As men- 
tioned before, an average value was assumed for the 
transformer core loss and the condenser loss. The 
quantities C and D are found from equation (15). 


Efficiency of the Transmission System. 


Efficiency = we Le rh 


per cent . (29) 
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Kw. at supply end 


sang (4 C + BD) kw. (30) 
Ko-a. at supply end 
2 2 
a Sik ae re (31) 
Power factor at supply end 
100 (A C+ BD) 
per cent (32) 


; EB, »/ C? + D? 
The “supply end” is the point where the voltage E, 
is kept constant. If this at the generator terminals, 
as indicated in Fig. 1, expression (32) gives the power 
factor of the generator load. Whether this is leading 
or lagging must. be determined from the following 
expression: 


Reactive abe -a. at supply end 


(AD PEO kv-a. (33) 


i600 
When this quantity is positive the reactive kv-a. and 
the power factor are leading, and when it is negative, 
they are lagging. 


EXAMPLE I 
Length of line = 200 miles 
Frequency = 60 cycles 
ani? = 23.2 + 7160 ohms 
Y = 45 0.00706 mho 
ee = 4+). = 0.91687 + 70:01195 
rp ve +... = 0.97197 + j 0.00408 


P,, = 8.66 amperes 

Ry +j Xt = 1.83 +7 24.0 ohms 

Gi + jBi = 0.000,022;5 — 7 0.000,187,5 mho 

Ra +tjXe = 1.61 + 7 29.0 ohms’ 

Gi +7 Bi, = 0.000,018,6 — 7 0.000,155,0 mho 

E = 115,470 volts to neutral (line voltage 200,000) 

I, =P+j7Q48.7 

EH, =115,480-+ 7'100 + <P + 7 Q) (0:7 + 9°12:0) 

= (P+7Q) (1.002 + 7 0.0002) + 11.3— 7 21.6 

115,740 + 7 220 + (P +7Q) (1.38 +7 24.0) 

109,680 + 7 2870 + (P +7 Q) (22.9 + 7178.0) 

(P +7Q) (0.894 +70.0138) + 9.9 + 799.5 

108,240 + 7 8090 + (P +79 Q) (23.4 +7 191.0) 

(P +7 Q) (0.924 + 70.018) + 12.4 +7 82.8 

107,050 + 7 33840 + (P +7 Q) (23.9 + 7 204.4) 
aR PE a PP A-9 Q) he Xx) 

a’ = — 26,600 kw. 

b’- = 178,300 kv-a. 

ce’ = 213,800 kv-a. 

when E, = 127,020 volts to neutral (line ee 

= 220,000). See Fig. 2, which shows the desired 

characteristics of the system. 
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Discussion 
For discussion of this paper see page 789. 


A Graphic Method for the Exact Solution of 


Transmission Lines 
BY COLLIS H. HOLLADAY 


Associate, A. I. E. E. 
Southern California Edison Company 


Review of the Subject.—There seems to be a popular. super- 
stition among engineers that the voltage and current relations at 
different points in a transmission line are peculiar and are not 
governed by Ohms law. This idea is not true. A transmission 
line ts governed by Ohms law just as is any other alternating-current 
circutt containing resistance inductance and capacity. The only 
difference from an ordinary circuit ts that in a transmission line 
we must make a correction for the effect of distributed constants. 


If we change the current flowing through a line by an amount I, 
there will be a voltage change equal to I Z between the two ends of 
the line. The Z in this case, however, is corrected for the distributed 
constants of the line. The hyperbolic formula which are so widely 
coming into use, since Doctor Kennelly has given us tables of com- 
plex hyperbolic functions, are merely short methods of determining 
this Z as well as certain other constants which we must use. 


If we start with a certain voltage Eg at the generator; on open 
circuit, we will have a slightly higher voltage at the receiver, due to 
the line capacity drawing a leading current through the inductance. 


HE purpose of this paper is to describe a quick 

method of constructing the vector diagram of a 

power line, from which it will be possible to read 
directly the voltage, current, power and power factor 
at either end of the line. 


THEORY © 


The solutions of the equations of voltage and current 
along a transmission line appear in several forms, of 
which probably the most useful in power line calcula- 
tions are the well-known hyberbolic ones - 

E, = E, cosh (n 0) + I, Z, sinh (n 6) (1) 

(2) 


E, sinh (n @) 


= I, cosh (n 6 
ie I, cosh (n 6) + Z, 


where 

E, = generator voltage H, = receiver voltage 

I, = generator current J, = receiver current 

n 6 is the hyperbolic angle of the line, depending on 
the length mn, the size and configuration of the 
conductors, and the frequency. 

Z, is the surge impedance of the line, depending 
on the size and configuration of the a. 
and the frequency. 

The use of these equations and the technique of 
hyperbolic functions have been discussed by a number 
of authors to which a few references are given in the 
bibliography, so I will not burden this paper with a 
further discussion. The usual method of solving these 
equations ‘is an. analytical one.. This works well 


enough when. the power factor of the load is known, 


but when condensers are used for voltage regulation, 


Presented at the Pacific Coast Convention of the bs i) 5 Steal hg 
Vancouver, B. C., silo 8-11, 1922. 


As we load the line with a lagging current this voltage rise is counter- 
acted by the impedance drop. 

In a similar manner the generator current is equal to the vector 
sum of the charging current, and the load current which has been 
multiplied by a constant. 

It is possible to express these relations by a vector diagram. 
Drawing a voltage and current diagram on the same sheet and to 
suitable scales offers a very convenient method of calculation. From 
such a diagram tt ts possible to read directly power and power factor 
as well as condenser kv-a. necessary for voltage regulation. 

CONTENTS 
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the solution is very complicated. A graphical solu- 
tion, however, offers several advantages which cannot 
be overlooked. 


CONSTRUCTION OF VECTOR DIAGRAM 


The voltage equation. Fig. 1, shows the voltage 
diagram. In both the voltage and current diagrams 
FE. will be used as the reference vector from which all 
angles will be measured. From O draw E, the refer- 


Locus of Generator Voltage 
Vector for Constant Generator Voltage |. el) 
Locus of E, Vector for 


3 
oS 
Q 
iS 
fo 
a 
S Constant Power delivered, 
a 
S 


Voltage drop in line 


due to Receiver load | 18 20 Sinhin® 


\ . Phase difference between 
E, & E, 


EB, Cosh (n® 


0 Receiver Voltage used as reference Vector=Ey 


Fig. 1—Vucror Diagram. or Hyprrsotic Equation #, cosh 
(ne) + I, Zo sinh (ne). 


ence vector. EH, cosh (n 6). will be shorter and lead 
E. by a-small angle. E, cosh (n @) is the generator 
voltage when the line is on open circuit. The difference 
between it and LE. is the voltage rise or Ferranti effect 
in the line. 

Now as we put a iad on the end of the line, there will 
be an impedance drop or rise in the voltage between the 
receiver and generator ends, depending upon the power 
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factor of the load. This is no different from the usual 
impedance drop in a circuit and is proportional to the 
current delivered at the receiving end. It is deseribed 
by the term J. Z. sinh (m 6) and is represented by the 
vector 0” P. 

The position of the vector 0’ P depends on the 
character of the load. With a unity power factor load 
at the receiving end the point P will move along O’ A 
If the amount of power delivered is kept constant while 
the power factor is varied, P will move along a le 
perpendicular to O’ A. With a constant ky-a. load, 
P will move along the are of a circle drawn from O’ 
as a center. In order to keep the generator voltage 
sonstant as the load on the line is varied, the point P 
nust follow the are of a circle drawn from O as a center 
and having a radius equal to E,. 

Current Equation. This current equation: 


E. sinh (n 8) 
Z. 


I, = I, cosh (n 8) + 


rt Blouse? 2s wéicowe Vane 
= 
> 
x 
=~ 
2 
os 
"eis 
Fie 2—Vecroz Discesayw or Hreeesoiic Equation 
EB, sinh (n3) 
I, = I, cosh (ms) + es 


is similar to the voltage equation. It consists of one 
term which is proportional to the receiver voltage and 
one which is proportional to the receiver current. 

As in the voltage diagram E. will be used as the 
reference vector. From 0 in Fig. 2, draw 0 0” equal to 
E. sinh (x 6) 

Zz. : 
This is the charging current taken from the generator 
when the voltage at the receiving end of the line is 
E.. It is necessary to state it in terms of the receiver 
voltage since all calculations are performed on the 
assumption of a predetermined receiver voltage. As 
we load the line at the receiver end by taking a current 
I r, a current I r cosh (nm @) will be added to the charg- 
ing current. This component is almost in phase with 
the receiver current and a little smaller in magnitude. 

It is represented by the vector 0” P. 
With a unity power factor load, P will be on the 
Ime 0” A. With constant power and varying power 
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factor, P willinguel shops kon teenie ee 
Similarly the locus of P for constant kv-a. load will be 
a circle drawn from O” as a center. 

Let us examine the voltage and current diagrams 
together. Any point P on either diagram represents 
a certain amount of power at a certain power factor 
which is taken from the line at the receiving end. The 


vector OP on the voltage diagram is equal to the 
generator voltage necessary to maintain a receiver 
voltage E. while P is being delivered. The vector 
OP on the current diagram represents the generator 
current while P is being delivered. For every point 
on the voltage diagram, there is a corresponding point 
on the current diagram. 

Let us assume the system to which the line is con- 
nected takes a load from the line at 0.80 power factor. 
Then the locus of point P of the voltage vector E, 
will be the line O’ B where A O’ B is the angle whose 
cosine equals 0.80; and there will be considerable 
voltage drop between the generator and receiver for 
a large amount of power transmitted. 

In order to avoid raising the generator voltage to 
maintain constant receiver voltage, synchronous con- 
densers are used. Their purpose is to draw sufficient 
reactive current through the line to change the power 
factor from that of the system load to that necessary 
for the point P to fall on the constant generator volt- 
age curve. In Fig. 1, the drop caused by this current 
is the vector C P. Changing the condenser excitation 
causes FE, to move along the constant power line P3. 


CALCULATIONS FOR A THREE-PHASE LINE. 


The following caleulation for a three-phase line is 
given to illustrate the technique and procedure. 


{ Aluminum Steel 
Conductor | 605,000 cir. mil aluminum. 78,500 steel 
Diameter = 0.953 inch 
Spacing { Horizontal three conductors 


204 inches between conductors. 


f n = lengthofline = 241 miles 
| f =frequency = OSO0cycles 
| w=2af = 3.14159 radians 

r =resistance = 0.1511 ohm per 

Constants mile 

| L = inductance = 0.0021015 henry 
per mile 

¢ = capacity =, 0.01425 x .10-* 
| farad per mile 

= leakance, so small we will neglect it. 


tions has been treated so often before that I will do 


theory is given in the bibliography. : 
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6 =<V(r+jLw) X (gg +7 cw) hyperbolic radians 
per mile 
Zs: tps w Facts 2 
g+jcw 
Lw =0.0021015 x 50 X 27 
= 0.660205 ohm per mile 
(7 +7 Lw) = (0.1511 + 7 0.660205) 
= 0.6773 /77.°09 ohms per mile 
= 0.01425 x 10-*° X 50 X 27 
= 4.4767 X 10-* mho per mile 
(g+jcw) = (0+ 74.4767 x 10-*) 
= 4.4767 X 10-* /90.° mho per mile 


ohms surge impedance 


cw 
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available, the complex functions can be easily calcu- 
lated from tables of real circular and hyperbolic func- 
tions which are found in every handbook. 


Cosh (m @) = 0.915 /1.°20 
sinh (n @) = 0.410 /83.°9 
Z, sinh (n 6) = 389.0 /6.°45 X 0.410 /83.°9 
= 159.5 /77.45 ohms. vay 
It is decided to maintain a voltage between wires of 


220,000 volts at the receiving end. This gives the 
voltage to neutral E, = 127,200 /0° volts 


E, cosh (n 6) = 116,400 /1.°20 volts 


cw. ware 
3 /A 
2 
\3 
Voltage is to Neutral esa hy b h 
i YO Current is Per Line Si ane 100 
H ~~ Power is Total Power t pete 200 Ky 
1 my 2 F See 8 
St e 80.000 Ke, aries 2 
eb ey, z 
Ft 
fe ¥ G 23 P.F.= 1.0 + Pat 
moeasig Et ae, 
oor 
bs sa 3 ae Tasy 
3 s 40, ( 
Seb aecs : L| 
2 : 22,000 Ky. 
° = K! Er Cosh @ = 116,400 Volts 0" 
0 S=S a 
1 Re, Er = 127,200 Volts = 
0 
2s 
BY’ a, 


KV-A. SCALE 


10 0 10 20 30 40 50 60 70 80 90 100,000 


10 0 


KILOVOLT SCALE 
10 20 


30 40 50 


Fig. 3 


6 = 0.6773 1T.09 X 4 ATET X 10 790. 
= / 3.0321 < 10-* /167.°09 
= 1.7412 x 10-3 /83.°54 hyperbolic radians per 
mile 
ere \ 0.6773 /77.°09 
4.4767 X 10-6 /90° 


of 0.15125 x 10° \12.°91 
= 389.0 \6.°45 ohms surge impedance. 
= 241 XK 197412 K 10 * 783 2°54 
hyperbolic radians 
= 0.420 /83.°54 hyperbolic radians. 

Since (7 @) is a complex hyperbolic angle, tables or 
charts of complex hyperbolic functions are of great 
advantage in determining sinh (n @) and cosh (n 8.) 
Such charts and tables have been calculated and pub- 
lished by Doctor Kennelly.!. If no such tables are 

1. A. E. Kennelly, Tables of Complex hyperbolic and cir- 
eular functions, Harvard University Press. 


A. E. Kennelly, Chart Atlas of complex hyperbolic and cir- 
cular functions, Harvard University Press. 


nO 


127,200 /0° X 0.410 /83.°9 
389.0 \6.°45 

= 134.1 /90.°35 amperes 
Choose a suitable voltage scale, say 10,000 volts to 
the inch, and from O (Fig. 3) lay off H,, the reference 
vector. Draw OO’ equal to E, cosh (n @) leading 
E, by an angle of 1.20 degrees. For 100,000 kw. 
delivered at the receiving end at unity power factor, 
I, will equal 263. /0° amperes per phase. 

I, Z, sinh (n 6) =263 /0° X 159.5 /77.°45 

= 41,900 /77.°45 volts 

= 4.19 /77.45 inches 
From QO’ draw O’ A making an angle of 77.45 deg. with 
E,. This is the unity power factor line. Measure 
up 4.19 inches from O’ and through the point draw a 
line perpendicular to O’ A. This is the 100,000-kw. 
line. Distances along O’A are proportional to the 
power delivered at the receiver at unity power factor. 
We can therefore get a power calibration. 


E,sinh (n 6) _ 
Zo 
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4.19 inches = 100,000 kv-a. 
or 238,820 kv-a. = 1 inch 
From O draw an arc the radius of which is equal to 
the generator voltage it is decided to maintain by means 
of condensers. This are will intersect the constant 
power lines at b, c, d, e, f. 

Current Diagram. For convenience in reading, we 
will construct the current diagram on the same sheet 
and to the same scale as the voltage diagram. Since 
I, Z, sinh (n 6) and I, cosh (n @) are both proportional 
to I,, if we use the proper scales we can transfer power 
points from one diagram to the other with a pair of 
dividers. Such a current scale is one which will make 
I, Z. sinh (n 0) = I, cosh (n 8.) 

For 100,000 kw. at unity power factor 

I, cosh (n @) = 263 /0° X 0.915 /1.°20 

= 241.8 /1.°20 amperes 
4.19 inches 
4.19 inches 


I, Z, sinh (n @) 
241.8 amperes = 
1 ampere = 0.01741 inch 
1 inch = 57.7 amperes 
From O draw O 0” making an angle of 90.35 degrees 
with Er and equal to 


EF, sinh (n 6) 
Lis 


Draw O” A” making an angle of 1.20 degrees with E,. 
With a pair of dividers, transfer the power points 
h, 7, k, l, m, from O’ A toO” A”. Ina similar way, the 
intersections of the power lines with the voltage curve 
(points b, c, d, e, f,) may be transferred to the current 
diagram. Draw a circle through these points. The 
diagram is now complete. 


I 


= 184.1 amperes = 2.322 inches. 


USE OF THE DIAGRAM 


It is desired to know the terminal conditions when 
90,000 kw. is being delivered at the receiving end at 
0.85 power factor. Draw O’ B the 0.85 power factor 
line. This is drawn at such an angle that AO’B 
= cos 10.85. Measure up 90,000 kw. along O’A 
and draw the constant power line through the point. 
The intersection of the constant power line and the 
constant power factor line determines the power 
point P,;. The generator voltage required to deliver 
this power is the vector O P, and is equal to 150,600 
volts and leads E, by 18.5 degrees. To bring the 
generator voltage down to 127,200 volts will require 
an amount of condenser capacity equal to P, . P, or 
62,800 kv-a. The generator voltage vector will be 
O P, and will lead H, by 18.6 degrees. 

Locate P,” and P,” on the current diagram to cor- 
respond to P; and P, on the voltage diagram. Then 
OP,” is the generator current when no condensers 
are used, and is equal to 220.0 amperes. The generator 
power factor is the cosine of the angle P; O P,’. 
POP; = 12." Cs 12, o.= 0. olds 

The total three-phase power delivered by the genera- 
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tor is 38 X 150,600 x 220.0 x 0.977 = 97,100 kw. 
The line loss is equal to 97,100 — 90,000 = 7100 kw. 

The vector O P,” is the current when the generator 
voltage is regulated to 127,200 volts. It is equal to 
275 amperes. The power factor is the cosine of the 
angle P,”O P,. Power factor = 0.945. . 

P, =.3 X 127,200 *:275 x 0.945,= 99,000 kw. 

Line loss = 99,000 — 90,000 = 9000 kw. 

To keep the generator voltage constant at no load 
will require a lagging condenser capacity equal to 
O’ P; or 28,900 kv-a. This is very small when com- 
pared with the full load condenser capacity. It would, 
therefore, be more economical from the point of view 
of buying condensers to choose a voltage which would 
require the same condenser capacity at full load as 
at no-load. 


Appendix 
Method of calculating complex hyperbolic functions. 
To find sinh and cosh of 0.420 /83.°54 
0.420 /83.°54 = 0.04755 + 70.4170 


sinh (wu +jv) = sinh wcosv +7 cosh wsinv 
cosh (wu +jv) = coshucosv + 7 sinh wu sin v 


u = 0.04755 v = 0.4170 
sinh u = 0.047567 sinv = 0.4049 
cosh wu = 1.001132 cos v = 0.91438 


sinh wu cos v = 0.0435 
cosh wu sin vy = 0.0450 
sinh 0.420 /83.54 = 0.0485 + 7 0.4050 
= 02400. /88)50 
cosh u cos v = 0.915 
sinh wsiny = 0.01928 
cosh 0.420 /83.54 = 0.915 + 7 0.01923 
= 0.915 /1.°2 
This method of calculation gives a little more accurate 
result than it is possible to get with the charts or tables. 
If, instead of using the hyperbolic functions, it is 
found more convenient to use the Steinmetz equations: 
E, = E, (a:— Jj @) +I, (61 — 7 be) 
I, = E, (di—j dz) + I, (di — 9 a) 
the procedure will be just the same, except that in these 
equations the phase rotations are reversed. 
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DISCUSSION ON ‘fA GRAPHIC METHOD FOR THE 
EXACT SOLUTION OF TRANSMISSION LINES’”’ 
(Hotuapay) 
AND “‘THE ELECTRICAL CHARACTERISTICS 
OF TRANSMISSION SYSTEMS” (DwicurT) 
Vancouver, B. C., August 10, 1922 

R. J. C. Wood: Again we have an illustration of how, in dif- 
ferent parts of the world, and at the same time, the same ideas 
arise simultaneously. The curves shown in this paper (Dwight) 
are—I think if you turn the diagram right over, or the wrong way 
up, according to who is talking about it, that it will be found to be 
very similar, if not identical with the curves to be shown in the 
paper by Mr. Holladay. That paper shows a diagram which 
represents the exact hyperbolic equations. 

When it-comes to the purity of the English language, doesn’t 
equation simply mean that two things are equal, and if we have 
an approximate equation, why shouldn’t we be satisfied to let it 
go at that, and not call it a formula. We have equations, I 
believe, which are expressed in the form of—well, suppose A 
equals B, plus or minus something, which represents the errors of 
observation of something else, I think that is still an equation, 
without calling it a formula. The dictionary states that a 
formula is a rule or principle expressed in mathematical language. 
An equation denotes the equality of two mathematical expres- 
sions. 


J.R. Dunbar: The diagram in Fig. 2 of Mr. Dwight’s paper 
shows reactive kv-a. in a cireuit where the current leads the 
voltage, plotted upward, that is, kv-a. is plotted counter-clock- 
wise with respect to kilowatts. The A. I. E. E. Standards, Sec- 
tion 3230, recommend ‘that, in any vector diagram, the leading 
vector be drawn counter-clockwise with respect to the lagging 
vector. 

The aboye rule is universally followed for vector diagrams 
involving volts and amperes. Although the apparent power is 
not strictly an alternating quantity admitting of vector repre- 
sentation, it is convenient to consider it a vector. 

It is the usual custom when referring to kv-a. in a circuit to 
talk about ‘‘leading’’ kv-a. when the current is leading the 


E 


Fia.. 1 


voltage. If, then, kv-a. is considered as a vector, leading kv-a. 
must be plotted counter-clockwise from kw. in order to be con- 
sistent with Rule 3230. If apparent power is not considered as a 
vector, there is no justification for drawing any vector diagram 
of apparent power. : 

Section 3238 of the Standards defines volt-amperes as the 
product of the r. m.s. value of the voltage by the r. m.s. value 
of the current. If volt-amperes be considered as a vector, it 
is convenient to have a method of computing the vector value. 

The expression which at once suggests itself is EI, when E and 
T are the vector values expressed as complex numbers. 
In a case such as is shown in Fig. 1 where Z = E (cos ¢ + 
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j sin ¢:) and I = I (cos ¢2—] sin ¢2) the expression ET isvery 
cumbersome and difficult of interpretation, because the real part 
is not equal to the watts. The use of the ntmbers.conjugate to 
E and / simplifies this computation considerably. 

Two complex numbers are conjugate to each other, as defined 
in elementary works on algebra, when they differ in the sign of 
the imaginary part only. 

If the current is multiplied by the conjugate of the voltage, 
the expression EI (cos ¢1—j sin ¢1) (cos d2—j sin ¢2) is 
obtained. This reduces to HJ (cos (¢1 + ¢2) —jsin (di + ¢2) 
or EI (cos ¢ —J7 sin ¢). 

This is an expression for volt-amperes, for its effective value is 


O 
Watts 


EI 
Fig. 2 


equal to the volt-amperes of the circuit as defined by Rule 3238. 
It is in a much more useful form than if the conjugate had not 
been used, for the real part is equal to the watts, and the imagi- 
nary part is equal to the reactive volt-amperes, as shown in the 
foot notes to rules 3242 and 3246. Also the vector volt-amperes, 
in a circuit wherein the current lags the voltage, is plotted clock- 
wise from watts, as shown in Fig. 2 which corresponds to the 
assumption made above. 

If instead of the above procedure, the voltage were multiplied 
by the number conjugate to the current, as is sometimes done, 
the resultant expression reduces to HI (cos? +jsin ¢). This 
is’ also an expression for volt-amperes, but it requires that the 
ky-a. in a circuit wherein the current lags behind the voltage be 
considered .as leading kv-a. in order to be consistent with Rule 
3230, which is not in accordance with the usual custom. 

When the current and voltage are in phase, if either be multi- 
plied by the number conjugate to the other, it is readily seen that 
the resultant expression is a real quantity; that is, watts. 

It is to be hoped, therefore, that Standardization rules will be 
added defining volt-amperes as a quantity capable of vector 
representation for use in transmission line diagrams, etc. and 
giving rules as to the proper method of plotting volt-amperes. 

H.B. Dwight: Mr. Dunbar’s demonstration that a transmis- 
sion line circle diagram should follow Standardization Rule 3230 
for vector diagrams, is interesting and convincing. A diagram 
showing kw. and leading and lagging reactive kv-a. is to all in- 
tents and purposes a vector diagram, and Rule 3230 explicitly 
applies to any vector diagram. It would be inconsistent to draw 
a diagram of a certain shape to express a set of relations between 
currents in a transmission system, and then draw a diagram of a 
different shape to express the same set of relations between kv-a. 


-which represent exactly the same currents. 


The use of conjugate numbers, which are very advantageous 
in many calculations, does not require that the above conclusion 
be changed, but merely that the conjugate of the proper numbers 
be taken. Where the conjugate of an impedance is required, no 
difficulty is encountered. 

The use of conjugates is both easy and natural. It will be 
remembered that a complex fraction is multiplied above and 
below by the conjugate of the denominator, in order to rationalize 
the denominator. In a somewhat similar way, when multiply- 


‘ing a complex voltage by a complex current, if the conjugate of 


the voltage is used, the resulting expression can be used to repre- 
sent the volt-amperes, with the additional advantage that the 
real part is equal to the watts. It is necessary to use the conju- 
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gate of the voltage in order not to conflict with Standardization 
Rule 3230, but this can easily be done. 

While the most usual and general problem is the multiplica- 
tion of a voltage by a current, the matter is very clearly set forth 
by an example of a complex value of current / (cos @ + j sin@) = 
Te/® and an impedence R +j X. The voltage across the im- 
pedance is J e/9 (R +7 X), and the conjugate of the voltage is 
le/® (R —j X). If now, in accordance with the previous para- 
graph, the conjugate of the voltage be multiplied by the current, 
the resulting expression for v - a. is Ie/® Je/® (R —jX) =I?R— 
j I? X. It is seen that the real part is equal to the watts and 
the unreal part is equal to the reactive volt-amperes, which are 
negative when lagging, thus agreeing with Standardization Rule 
3230. 

If, on the other hand, the conjugate of the current be multiplied 
by the voltage, as is sometimes done, the resulting expression 
for v-a is IeJ® Tei? (R +7X) = I?R +73 I?X. In this, the 
lagging quantity is positive, and would be plotted in a counter- 
clockwise direction with respect to the in-phase quantity. This 
is in disagreement with Standardization Rule 3230, and so the 
procedure of using the conjugate of the current should not be 
followed. 


Since both methods described have been used in publications, 
it is desirable that a decision be made. A phrase could be in- 
serted in Rule 3230 of the Standardization Rules of the A. I. E. E. 
stating that it applies also to the diagrams involving volt-amperes. 


S. Barfoed: Referring to Mr. Dwight’s paper and statement 
regarding transmission line problem, given in Fig. 5 of F. G. 
Baum’s paper on “‘Voltage Regulation and Insulation” JouRNAL 
of the A. I. E. E. August 1921, page 648, it should be understood 
that all diagrams and computations were made as simple as 
possible for the sake of explaining the general nature and solution 
of the long distance high-voltage transmission problem by means 
of synchronous condensers at the receiving end as well as at 
intermediate points at nearly uniform intervals along the line. 
Studies which we have been making seem to indicate that con- 
denser stations should be placed at intervals of about 100 to 
150 miles, provided that the voltage is not less than 220,000 volts 
and that economical powers are transmitted of the order of mag- 
nitude of 150,000 to 175,000 kw. per 3-phase circuit. Kelvin’s 
law must here not be forgotten. 


If power is transmitted a distance of 300 miles I would by all 
means advocate any solution which is accurate, but not more so 
than the nature of the problem demands. A diagram which has 
been in use in our office for years for solving transmission line 
problems for lines from 100 to 200 miles in length, is shown in Fig. 
1. Itis no different from that given by Mr. Holladay and more 
easily understood by most engineers. The accuracy is all that 
may be desired for lines of that length. 


The basis for the construction of the diagram was given by 
Mr. Baum 22 years ago (see A. I. EK. EH. Transactions, pp.412- 
422, May 1900). I am glad to see that both Mr. Dwight and 
Mr. Holladay have adopted this same cirele diagram, although 
they arrive at its construction by the use of the functions of the 
hyperbolic angle. Mr. Holladay’s diagram is exactly of the 
same form as one of several gotten out by me and published in the 
Pacific Service Magazine several years ago. In these diagrams 
the constants of step-up and step-down transformers were taken 
account of, as well as the influence of the charging current., _ 

The diagram may be constructed quickly and accurately as 
follows :— 

Direction O ais vector of reference. Distance Oa = 100 per 
cent = constant and equal generator and receiver voltage for all 
loads. Swing are af which is then the locus of end of generator 
voltage vector for all loads. 

At no load the Ferranti effect is represented by the triangle 
abc, in which ab is the resistance pressure and bc the reactance 
pressure caused by the charging current flowing over 1% of line 
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resistance and % of line reactance, including transformer, 
ete. Now load the line with a load of unity power factor, 
ed is then the resistance pressure caused by the power 
current flowing over all resistance in series and dc the reactance 
pressure caused by the power current flowing over all reactance 
in series. ecis the resultant and is the impedance line for full 
load with unity power factor of load. Thetriangle cdeismadeup 
of as many triangles as is required to include all pieces of appara- 
tus and the line between the generator and the receiver over 
which the power current flows in series. 


If no attempt were now made to hold the voltage constant, 
a line drawn from O to e would represent the generator voltage 
required at unity power factor of load; at a power factor of 95 
per cent it would be represented by a line from O to f’’’; at 85 
per cent by O f’, and for constant kv-a. of load by Or, ete. For 
other loads than full load the quantities are referred to the respec- 
tive load lines. By causing a quadrature leading current to 
flow over the reactanees, a voltage drop may be compensated for, 
and by quadrature lagging currents, voltage rises may be com- 
pensated for. A synchronous condenser will perform such ser- 
vice when placed in parallel with the load; that is, it acts as a 
variable condenser for excitations above normal and as a variable 
reactor for excitations below normal. 


If one were sure of the exact numerical value of the load power 
factor for any load, then it might be of some value to know with 
mathematical accuracy the particular quadrature currents 
needed for each load condition. 


A very small change in power factor, however, will demand an 
enormous change in condenser capacity, by far outstripping any 
small error in the determination of the Ferranti effect represented 
by the small triangle a 6 c. 


To the left in the figure, the current diagram is drawn so that a 
good view is had of the manner in which the current and voltage 
vectors change position with change in load. It is seen how the 
quadrature currents from the synchronous condenser subtract 
from or add to the everpresent charging current. At Ol the 
quadrature condenser subtracts from the charging current at 
maximum; then as the load comes on gradually it becomes less 
until at p the condenser is idling, after which, upon further in- 
crease in load, the quadrature current reverses and adds itself to 
the charging current. 


The charging current is shown as a chord of an are of a cirele, 
more proper perhaps is the circle itself a true representation of 
By a simple geometrical construction, 
which is obvious, the center of the circle can be found, when it is 
remembered that except for losses the charging current is in 
quadrature with the voltage at any point of the line. It is there- 
for also in quadrature with the voltage at the ends of the line, 
and hence at right angles to the voltage vectors of the receiver 
and generator at the various loads. 


The are 1 n 7, ete. is struck from a center m found by locating 
angle B and making m n equal to o b. 


It may, under circumstances, be of advantage to have a drop 
or a rise in voltage over any particular section of a long line, 
controlled by condensers at intervals. In such event the dia- 
gram at once gives inforniation of what takes place. There may 
then be a shift to the 110 per cent are or the 90 per cent are, or to 
a eurve which would coincide with the 100 per cent are at no 
load and with the 110 per cent are at full load, or, vice versa. 
This is accomplished by adjustment of the potential to the volt- 
age regulator. 


The charging current is a function of the impressed voltage. 
If the voltage is not uniform but changes along the line, the 
charging current per unit length of line also changes. For a 
constant voltage system the charging current is therefore con- 
stant per unit length of line, and no error is introduced by so 
considering it. 
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Ivar Herlitz: The question, so often raised among engineers, 
whether the hyperbolic theory or some other theory should be 
used in the calculation of transmission lines seems to me to be 
rather meaningless. It is established beyond question that the 
constants in the equations for a uniform transmission line are 
expressed by hyperbolic functions of certain complex quantities; 
other expressions for these constants are approximations of the 
hyperbolic expressions, and it is an easy matter to estimate, for 
lines of different length, the accuracy obtainable with the various 
approximate expressions, and then from the demands of the 
problem decide what method to use. The constants for more 
general cases, where the transformers are considered together 
with the line, can be calculated according to Mr. Dwight’s paper, 
or by a similar method described by me in a paper to be published. 

The treatment of the equations, after the constants have been 
determined, depends upon the nature of the problem to be solved. 
When it is desired to calculate the complete performance of a 
given line, a circular diagram, for instance of one of the types 
described in the papers by Dwight and Holladay, may be drawn. 
In my paper just mentioned I have presented formulas from 
which the complete performance can be plotted in the form of a 
few curves giving the loss in active as well as reactive power, and 
voltage drop for any load condition. For certain other problems 
I have with advantage used a diagram based on the following 
principles. 


Redrawing Fig. 1 of Mr. Holladay’s paper so that the line 


10) 


Fig. 3 


O’A becomes standard phase, the diagram shown in Fig. 3 is 
obtained. Here O’A is proportional to the active power, AP to 
the reactive power. The circle PP’ is the locus for P for fixed 
values of the voltages. The center of the circle always lies on 
the line OO’, forming an angle with O’A that is-constant for a 
given line. Its position on this line depends on the voltages, and 
the radius is equal to the sending end voltage. If, however, the 
values of all vectors in the diagram are divided by Vs, the radius 
of the circle becomes constant = 1, and if the circle is drawn on a 
separate sheet of transparent paper it may, by means of scales 
properly arranged, easily be located with respect to a system of 
coordinate axes to represent any desired case for any line. One 
diagram can be used for all lines, and it ean easily be provided 
with seales for convenient determination of all desired quantities. 
The readings have to be multiplied by certain proportionality 
factors depending on the constants of the line. A similar circle 
can be drawn representing the conditions at the sending end, and 
corresponding points on the two cireles are found by means of the 
angular displacement between the voltages, which is equal to the 
angle O’OP plus a certain fixed angle, as can be seen from Fig. 1 
of Mr. Holladay’s paper. 

‘D. I. Cone: I want to call your attention to the comparison 
of these two diagrams, one in Mr. Dwight’s paper, and the other 
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in Mr. Holladay’s paper. You get a pretty full diagram pre- 
sented by Mr. Holladay and the corresponding one discussed by 
Mr. Barfoed is the physical picture given, which is more power- 
fully expressive than when you get away from the physical pic- 
ture, as it seems to me Mr. Dwight is doing on the diagram itself. 
That is all right for a man who is continually dealing with the 
problem but for others the whole picture is wanted. 

A word about when to use these approximations. In my own 
work I am sometimes dealing with 50 cycles, and again with 500 
cycles or 26,000 cycles, and I have found that it was very helpful 
to consider what fraction of a wave length of line they are deal- 
ing with, and on open-wire lines the velocity of transmission 
always works out pretty close to 180,000 miles per second. If 
you have a 60-cyele line, you have 3000 miles for one wave length, 
and if you are working on a line 150 miles long, that is one 
twentieth of a wave line—pretty short; but if you set it now to 600 
eycles, the line 150 miles long, it becomes half a wave length, 
which is a very different proposition. In dealing with short lines 
(I think we can safely define the short line as on the order of 
one-twentieth of a wave length) we can feel safe in using the 
approximation. If your line approaches anything at all to a 
quarter of a wave length, watch out. You had better then 
recognize the fact that at this time due to the work of Dr. 
Kennelly and others the hyperbolic functions are practically as 
easy to use as any of these approximations. 

About the effect of irregularities in the line, a recent interesting 
case Came up in connection with the Portland-San Francisco 
telephone lines being adapted to the carrier transmission between 
five and 3000 cycles. A quite serious irregularity was found in 
the voltage current relations on the Portland end. It was found 
to be due simply to the fact that the spacing was 30 inches be- 
tween the wires in the City of Portland instead of 18 inches, as 
on the rest of the line, due to the municipal requirements for 
climbing spaces. It made a serious irregularity in the sending 
end of the voltage-current relation which has to be corrected by 
special means. 

F. G. Baum: (by letter): In a paper giving “Some Con- 
stants for Transmission Lines” before the A. I. E. E. in 1900 
(See pp. 412-422, Trans. May 18, 1900), I showed a method of 
caleulating transmission lines using complex quantities, which 
showed for the first time the conditions for any load and any 
power factor. The error for the loaded and unloaded line was 
shown to be very small for lines less than 200 miles long. And 
the only error results from the assumption that the charging 
current is uniform for each line section. 


Now, it is admitted that to transmit power over very long 
distances we must have synchronous condensers at certain inter- 
vals to maintain a constant voltage system as shown in my paper 
on ‘Voltage Regulation and Insulation for Large-Power Long- 
Distance Transmission Systems.” A. I. E. E., 1921. If we do 
this then it follows that the charging current is also a constant. 
And if the charging current is uniform, then there is no need for 
the hyperbolic caleulations. 

If we are not to hold the line voltage constant, then I admit we 
need the hyperbolic method of caleulations. But why use a 
method of calculation for an impractical system? 

Diagrams 2 and 3 of my paper referred to are absolutely ac- 
curate. Diagram 4 is accurate enough for all practical purposes. 
Diagram 5 was given to show the general problem visually. An 
error in making the diagram accounts for the discrepancy 
pointed out by Mr. H. B. Dwight and which I acknowledged to 
him. . 

In my method we calculate not a 500 or 1000-mile line but eal- 
culate the sections between condensers. The errors resulting 
could never be measured on the eompleted line by any instrument 
used in operating the system. The results are shown visually 
forall conditions of loading. 
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H. L. Melvin: We who are actively engaged in transmission 
line design have our pet way of making calculations, I am sure. 
Whether we use a simple calculation, a graphical chart or an 
exact solution, depends entirely upon the problem, and it is 
really our own good judgment which tells us just which solution 
to use. Furthermore, I believe most of us know how to use any 
of the methods which have been devised by the technicians. 
These methods which we have are really a combination of our 
own study originality and the ideas of others. Personally I like 
to use the Perrine-Baum graphical chart simply because it gives 
you a very nice picture of the actual performance of the trans- 
mission line. I simply take a piece of cross-section paper and 
determine upon the kilowatt scales, use one wire values and make 
a chart somewhat similar to that devised by Professor Carpenter 
and presented, I believe, at Los Angelesin 1919. Itis a Perrine- 
Baum chart modified, from which you ean get practically all the 
information you want, voltages, per cent voltage regulation, kilo- 
watts, kilowatt-amperes, power factor and synchronous ¢on- 
denser capacity for power factor correction. On the kv-a. 
circles the J? R transmission line loss can be placed. The point 
where the loss in the synchronous condenser increases faster than 
the 7? R loss in the line decreases can also be determined. That 
point is approximately the economic or most efficient point at 
which to operate the transmission line. If you have ‘a problem 
which requires a more exact solution, the values of resistance and 
reactance can be modified by the use of hyperbolie functions, 
and what Dr. Kennelly ealls the equivalent values, derived. 
These values can then be used for making the chart. If you 
have a still more complicated problem, go through the exact 
solution. In any event I would make a chart to give a picture 
of the line, so that good judgment can be used in the design. 
Pictures mean a great deal to me, if I can see before me just 
exactly what is going on, I feel that I am better prepared to use 
good judgment in the proper design. The accuracies of caleu- 
lation usually exceed by far the original assumptions and neces- 
sity in practical application. Temperature change in an ordi- 
nary transmission line willintroduce more error than the difference 
between the exact and approximate solution. 

Do not misunderstand me, I am not attempting to minimize 
theory and exact solutions. I have been through them and I 
feel that I understand them, and they certainly have their 
value, and unless you do know them you do not know when you 
can use an approximate solution, or when you have to use an 
exact solution. The exact solutions are of course absolutely 
essential on the larger problems. Some of the papers which 
have come out in recent years are more or less duplicates of 
papers that have preceded them. I have in mind the sag ten- 
sion proposition. There were papers after papers on sag tension, 
different methods of calculation and so on—exact methods and 
approximate methods. The exact method might tell you to put 
seven and one-tenth foot sag in the conductor, the approximate 
solution might say seven feet. If the lineman, gets it within ten 
per cent, you are lucky. 


If you study or go back through the papers that have been 
written on transmission line regulation and the sag tension prob- 
lems you will find about every five or six years some one has 
practically copied an idea of some one before him. We should 
be careful to give due credit when that is done. 


Again I say, practically every one of us have our own pet 
schemes and could possibly devise some originally and perhaps 
claim something special for our way of calculating. All these 
papers are of value if we study them. What we know and use, 
really are a combination of the other fellow’s ideas, coupled. with 
our own. me ; 

H. B. Dwight: It has come to be a rule followed by a good 
many engineers that, in caleulating a transmission line at 
commercial frequencies, if the charging current or capacitance 
is worth while considering at all, it is worth while calculating 
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its effect by the hyperbolic method. For instance, the old 
split-condenser method gives rise to an unknown amount of 
error, and it is better to remove the uncertainty and at the same 
time effect a standardization of method of calculation, by using 
the hyperbolic method, which takes practically the same amount 
of labor as the other. 

When a method is advocated which is explicitly not based 
on the hyperbolie method, it is not sufficient to examine whether 
its theory appears accurate cr nearly accurate, but it is necessary 
to use the proposed method with a definite example and see if 
it gives correct results. For this, the criterion by which it must 
be judged is the hyperbolic method. ’ 

Thus, in the last paragraph of Mr. Barfoed’s discussion it is 
stated that ‘‘in a constant voltage system the charging current 
is constant per unit lerigth of line, and no error is introduced by 
so considering it,’ but he does not mention any problem which 
he has worked out as a check of the correctness of his theory 
for practical purposes, and therefore his statement remains 
open to doubt until he puts it to the test in the manner described. 


So also, referring to the same or a similar method of treating 
charging current, F. G. Baum says in his diseussion that in a 
constant voltage system the charging current is a constant, 
“and if the charging current is uniform, then there is no need 
for the hyperbolic caleulations.”” Now the charging current 
may be roughly uniform, but the only way to test the above 
statement is by its results. 

Mr. Baum states that the large errors which I pointed out in 
diagram 5 of his 1921 paper are due to an error in making the 
diagram, but he does not say, as one might reasonably expect, 
that he had re-drawn the diagram and found what the errors 
due to his method really are. 


However, he states that “diagram 4 of the same paper is 
accurate enough for all practical purposes.” Now diagram 
4 gives complete electrical data of a transmission line of two 
sections, each 150 miles long, and it is possible to check the re- 
sults, which are as follows: 


Rating oF SYNCHRONOUS CONDENSERS 


Synchronous : 
condenser station Baum’s Method Hyperbolic Method 
S C3 9,000 ky-a. 22,600 ky-a. 
S Co 18,000 kv-a. 17,190 ky-a. 


If an engineer built a synchronous condenser station for 9000 
ky-a. and it was found after load was put on that 22,600 ky-a. 
of condensers were really required, he would have difficulty in 
convineing his superiors that his calculations were accurate 
enough for all practical purposes. 

If a method of calculation different from the hyperbolic method 
is put forward, the advocate of the method should himself first, 
give clear instructions for using it; second, use it to solve a 
practical problem; and third, solve the same problem by correct 
standard methods and show a comparison between his results 
and the correct results. 


C. H. Holladay: There seems to be but two points of dis- 
cussion, both of which arise whenever a theoretically exact 
method of caleulating a problem is presented. The first is— 
whether an approximate method is sufficiently exact to use on 
long power transmission lines. The second, a correlary to the 
first, is whether the hyperbolic method of calculation justifies 
its use. ; 

As an answer to the first question, Fig. 4 shows the hyperbolic 
diagram of Fig. 3, over which is drawn the ordinary approximate 
diagram obtained by lumping the capacity at the center of the 
line. It is evident that the error involved by the approximate 
method is slight, except in the determination of synchronous 
condenser capacity. The minimum error which occurs at full 
load is 8.6 per cent. 
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It is, therefore, apparent that for lines up to 12,000 cycle 
miles in length, no serious error is involved in disregarding the 
effect of disturbed constants. For lines of greater length, how- 
ever, hyperbolic functions become of increasing importance. 

I would like to question the statement made by Mr. Baum, 
that diagrams two and three, of his paper in the Institute 
Journat for August, 1921, are absolutely correct. As I under- 
stand it, Mr. Baum states that if the terminal voltages of a line 


100,000 Kw. 


fee 0.85 lag 
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23,800 Kv-a. = 1 in. Hyperbolic Method 
23,250 Kv-a. =1 in. Approximate Method 


Approximate Method 
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line calculations, I can see no difference between the two methods, 
in the labor involved, providing, of course, that tables or charts 
of hyperbolic functions are available. 

There are a number of problems, however, which cannot be 
handled without hyperbolic functions, and I ean see no reason 
for using two different methods for making a complete set of 
calculations, when they ean be made with the same labor and 
greater accuracy by using one method throughout. 


g=127,200 Volts? 


Hyperbolic Method- 


E,=127,200 Volts 


Fig. 4—Comparison oF HYPERBOLIC AND APPROXIMATE Muruops oF CALCULATION. 


are kept equal by means of a synchronous condenser, the voltage 
at intermediate points will be equal to the terminal voltages. 
This, of course, is not true. On the line discussed above, the 
voltage at the middle point will go all the way from 224,000 volts 
at no load, to 219,000 volts at 100,000-kw. load, while the termi- 
nal voltages are kept at’ 220,000 volts. This, of course, would 
prevent the charging current from being uniform. 

In performing a number of both exact and approximate power 


In closing, I wish to state that the purpose of my paper has 
been to outline a systematic method of procedure for the solu- 
tion of the two fundamental equations of a transmission line. 
The form of the resultant diagram follows directly from the 
equations. Mr. Barfoed should feel great satisfaction in its 
simularity to his diagram, as it shows that, aside from a 
slight error due to distributed constants, it is fundamentally 
correct. 


Developments in Telephotography 


BY D. W. ISAKSON 
Associate, A. I. E. E. 
Utah Power & Light Company, Ogden, Utah. 


Transmitting photographs, drawings, maps, etc., by wire or wireless is a problem to which a solution is near at 
hand, and the present paper is given anticipating the addition of this to our already long list of applied sciences. A- 
brief history is given of the early beginnings, and some of the modern methods discussed; among the latter being Korn’s 


and Belin’s. 


The Leishman systems are discussed at length because the author has been particularly interested in their 


development and has been in intimate contact with both inventor and inventions. 
In the present paper it is hoped that interest of the American engineer may be stimulated in this subject to the end 
that a successful solution might rightfully be attributed to American genius. 


HE art of transmitting an optical image to a 

distance by means of an electric circuit, though 

we may trace its early beginnings back some 
seventy years or more, has hardly yet derived results 
which warrant its commercial application. The entire 
field today is confined practically to some three or four 
distinct systems all of which have produced excellent 
experimental results. And though it has not yet come 
to any widespread practical application, we may safely 
anticipate an early solution of the existing problems. 
Since this art may soon take its place with telephony, 
telegraphy, etc. as an applied science, the author 
believes that the present paper will be of interest to 
those who have followed, or have contributed to the 
development of this art, and in the following text will 
endeavor to describe briefly its history and outline 
briefly the fundamental principles of each important 
development. The Leishman Code System will be 
dwelt upon at greater length because of the more 
general use it has come into in America. 

As stated in the preceding paragraph, 7. e. the art of 
transmitting an optical image, the subject divides 
itself into two general heads; the first, of which may be 
termed television. This indicates the operation of 
reproducing upon the apparatus of the receiving station 
an animate object or image coming within the focus 
of the transmitting apparatus. Under the second head, 
which may be generally termed telephotography, and 
which consists in the reproduction upon receiving 
apparatus, of an ordinary or especially prepared photo- 
graph sent out as electrical impulses or suitable signals 
from the transmitting station. Though several, in- 
cluding Rignoux, Fournier, and A. Campbell Swinton, 
have suggested possible solutions the former remains 
as yet entirely chimerical, and in this paper discussion 
will be confined solely to the development of the tele- 
graphic transmission of photographs. 

The field for application of a system for telegraphing 
pictures economically is fairly obvious. Its use in 
warfare, in the speedy transmission of photos, maps, 
etc. should insure its early adoption by governments; 
the dispatch with which photographs and finger prints 
of wanted criminals could be transmitted to all the 
haunts of civilization would make it an invaluable 
instrument in the hands of the police in the discourage- 
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ment of crime; and the growing demand for illustrated 
news argues well for its commercial development from 
the investors point of view. We find it, then, from 
every viewpoint, a much desired invention and one 
with a great mission to perform, Yet unlike other 
inventions equally needed, it has been nearly 
three-fourths of a century in coming to a practical 
state of development. Very naturally we may wonder 
at the reason for such slow progress, but very likely 
after a thorough study of the situation we should be 
unable to attribute a tardy success to any single one 
of a number of possible reasons. For we find it an 
intricate problem, involving complex combinations of 
the physics of light and of electricity and of the me- 
chanics of motion, etc., and of peculiar properties of 
elements, compounds and substances which have 
differed widely from time to time as various investiga- 
tors have attacked the problem. The chief difficulties 
that have been encountered by such investigators may 
be brought out in the following brief description of their 
individual processes and apparata, and thereafter 
we may draw conclusions as to their bearing upon the 
development of the science. From this, also, we may 
derive an adequate idea of the intrinsic value of the work 
of early experimenters, as their principles may affect 
or facilitate the work of subsequent investigators. 

In ordinary telegraphy we find it quite impossible to 
transmit simultaneously the entire contents of a printed 
page. But by a simple process of splitting it up, first 
into lines then each line into the words that compose it 
and further, each word into its constituent letters, we 
may, by means of suitable signals, and by transmitting 
one letter at a time, reproduce the entire contents of 
the printed page to a distant station. The process in 
telegraphing a photographic image is fundamentally 
the same. Only one minute portion of the composite 
photograph can be transmitted at a given instant. 
These minute portions are arranged mechanically into 
lines and are read by suitable mechanical means. The 
apparatus therefore must necessarily consist of, first, 
a means for dividing the photograph into extremely 
small component parts; second, a means for inter- 
preting the varying degrees of shading of each com- 
ponent part into varying intensities of electric current; 
third, a means whereby the variation in the electric 
current can again be interpreted at the receiving station 
into light and shade variation corresponding both in 
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intensity and in relative position with that of the origi- 
nal photograph. In practise, the third fundamental 
involves a fourth, that of maintaining exact synchron- 
ism in the mechanical motion of the sending and receiv- 
ing apparatus. Having in mind these fundamental 
requirements which are common to all methods, we 
may proceed in a description of the varying ways in 
which they have been carried out. 

As early as 1847 Bakewell constructed an apparatus 
whereby he was enabled to transmit telegraphically, 
drawings, handwriting and pen sketches over a dis- 
tance of several miles. Though this cannot strictly 
be considered a system for sending photographs— 
photography at that date not being in a sufficient state 
of development to lend of its application in such a new 
and untried field—we may consider it the beginning, 
since upon the principles of this scheme have subsequent 
experimenters worked. It consisted essentially of two 
metal cylinders (one at the sending and one at the 
receiving station) which revolved synchronously under 
a stylus contacting upon the surface of each. The 
stylus was mounted upon a threaded shaft geared to the 
shaft of the cylinder. In operation the stylus was thus 


Big. 1 


caused to move laterally as the cylinder revolved and 
to trace a spiral path upon its surface. The subject 
sketch drawn in insulating ink upon a sheet of tinfoil 
was mounted upon the first cylinder. A sheet of 
chemically prepared paper was mounted on the second. 
The circuit was completed as in Fig. 1. With the 
current interrupted by the passage of a line of the in- 
sulating ink under the stylus, the electrolytic action of 
the current upon the paper at the receiving station 
receives a corresponding interruption. With the cylin- 
ders in perfect synchronism and the stylus having 
traversed the entire length of its screw shaft, the lines 
constituting the original drawing are reproduced upon 
the chemically prepared paper at the receiving end. 
To maintain synchronism a series of impulses was 
transmitted at regular intervals which electromagnetic- 
ally actuated the clockwork which furnished the motive 
power for the apparatus. The difficulties in main- 
taining synchronism, distortion caused by the capacity 
and inductance of long cables, and other difficulties 
encountered caused an early abandonment of the 
scheme. RAAT 
For many years thereafter no noteworthy results were 
obtained although several schemes were suggested. 
In 1859, an Italian priest, Abbe Casseli, had a model of 
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his famous pan telegraph built. Casseli’s apparatus, 
which was both original and ingenious, consisted of a 
swinging pendulum to which was fastened an arm 
carrying the stylus. The stylus was caused to trace 
a line over the surface of a plate which was shifted 
laterally the width of one line with each oscillation of 
the pendulum. The receiving pendulum was electric- 
ally actuated by a series of impulses caused by the 
closing of contacts by the transmitting pendulum with 
each oscillation. With this arrangement absolute 
synchronism was very easily maintained. The subject 
sketch was drawn with shellac ink upon the copper plate 
of the transmitting machine, and a paper prepared in a 
solution of ferricyanide was placed upon the plate of 
the receiving machine. Thereafter the actual repro- 
duction was very similar to that of Bakewell, previously 
described. With this method, excellent results in 
transmitting handwriting, drawings, etc. were obtained 
at a comparatively high rate of speed. Perfect syn- 
chronism was easily maintained, but we find the field 
for such an instrument very limited as compared with 
the cost of construction and operation of stations, and 
consequently it, too, failed to be utilized commercially. 

DeMeyer (1869), D’Arlincourt, Gras and other 
Frenchmen experimented on similar lines, but with no 
noteworthy results. In a process suggested by Am- 
stutz we find probably the first concerted attempt to 
telegraph a photograph. In his process the photo- 
graphic negative is printed upon a gelatinous prepared 
paper rendered light sensitive by the addition of 
bichromate of soda. The emulsion properly prepared 
has the property of becoming soluble in warm water 
after exposure to actinic light. The paper prepared 
with a thick coating of the emulsion is printed in the 
regular manner and further developed in warm water. 
The positive thus prepared will have an irregular 
surface representing the high lights by depressions or 
hollows and the shadows by hills or prominences. This 
positive replaced the tinfoil of Bakewell’s process upon 
the transmitting cylinder. A stylus actuated a sort of 
microphone over its surface with the result that the 
current in the telegraphic circuit, instead of being 
periodically interrupted, was caused to vary in its 
strength, representing a light portion by a weak cur- 
rent and a dark portion by a strong current, since the 
diaphragm, while the stylus is passing over a promi- 
nence, is caused to compress the carbon grains, thus 
decreasing their resistance. The current in the line 
will then be theoretically proportionate to the shading 
of the original photograph at the point touched at 
any instant by the stylus. To translate such current 
variations into the black and white of a photograph, 
Amstutz proposed to use the received current in the 
direct engravure of a single-line half-tone. To ac- 
complish this, the received current was to regulate, 
by means of electromagnets, the cutting depth of a 
V-shaped stylus upon a copper plate wound around the 
receiving cylinder. 

‘Quite obviously such a receiving apparatus is out of 
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the question, since a current strong enough to perform 
so much work would necessitate a voltage for its 
transmission quite beyond the capacity of any trans- 
mitting. device that could possibly be constructed. 
Thus, through lack of a receiving device, Amstutz 
failed. His transmitting device was later, however, 
to figure in the more or less successful scheme of Belin, 
which will be described in its due order. 

In 18738, while conducting some experiments in which 
selenium was used as a resistance, Willoughby Smith 
was annoyed by the peculiar instability of his resistance 
and upon investigation found that selenium possessed 
the peculiar property of varying its electrical conduc- 
tivity with the intensity of the light to which it was 
exposed. With the announcement of this discovery, 
several attempts were made to utilize these properties 
in various ways. Notable among these may be men- 
tioned the cell constructed by Prof. Bell which played 
the principal role in the operation of his famous photo- 
phone. It was Shelford Bidwell who first suggested its 


use in the problem of phototelegraphy. He conducted. 


To Circuit 
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some very interesting experiments in thus applying it, 
as did also Perry and Ayrton. 

It remained, however, for Prof. Korn! of Munich 
actually to transmit and receive the first photograph by 
this means (probably the first to telegraph photographs 
by any means). His fundamental apparatus is de- 
picted in Fig. 2, where C is a glass cylinder rotating 
upon a threaded shaft within a dark box and upon which 
is mounted the subject photograph printed on a trans- 
parent celluloid film. The prism P is so placed within 
the cylinder as to reflect the Nernst beam, which is 
focused through an aperture in the dark box, upon the 
selenium cell S, situated at one end of the box. Thus, 
having passed through the film, the light received by the 
selenium cell will obviously beafunction of density varia- 
tions in the photographic film as the cylinder rotates 
and moves laterally. And since the conductivity of 
the cell is functional with the light which acts upon it, 
the current in the telegraphic circuit will be at a given 
instant, directly proportional to the density of the 
silver deposit upon the film at the particular point 
through which the light beam instantaneously passes. 

Theoretically, sucha process encounters no difficulties. 
In practise, however, the characteristic recovery lag 
of selenium must be dealt with. If an abscissa repre- 

1. T. T, Bakers “Telegraphic Transmission of Photographs.” 
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sents the time and an ordinate the current, then the 
conductivity in a cell suddenly exposed to a light of 
given intensity for a time LO, may be represented 
by the curve in Fig. 3. Grantham? found by experi- 
ment that the resistance actually increased for an 
instant on exposure. Characteristic lag may be great 
enough in some instances to last over a period of several 
seconds, depending upon the purity of the selenium 
used, upon the construction of the cell, and in a measure 


Fig. 3 


upon the temperature under which the cell may be 
functioning, since its maximum sensitivity has been 
found to be at 0 deg. cent. Thus it will be seen that 
with the cylinder rotating at its lowest possible practi- 
able speed, the detail of the original photograph will 
be lost to such an extent as to give an unrecognizable 
reproduction at the receiving station. Korn overcame 
this objectionable feature to a great extent by means of | 
his compensation method. This comprises a bridge 
arrangement with a selenium cell in each arm. S is in 
a separate dark box and is acted upon by the light from 
the photograph. S’ is in a separate dark box and is 


acted upon by the light from aNernst lamp. The 
Nernst beam is intercepted by a shutter electrically 
operated by the galvanometer G of a modified EHin- 
thoven type. With the passage of current in the 
circuit, the silver wire bearing the shutter is displaced, 

permitting a portion of the Nernst beam to fall upon 
S. With this arrangement Korn claims to have 
improved the sensitivity of the selenium circuit and to 

2. Grepthie., Physical Review. 
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have obtained an effect represented by the curve in 
Fig. 5. At the receiving end, the Nernst beam was 
focused upon a sensitized paper: Here again the beam 
was intercepted by the electrically operated shutter. 
The displacement of the silver wire bearing the shutter 
in the galvanometer field is theoretically proportional 
to the current which flows through it. Thus the light 
which falls upon the sentitized paper on the receiving 
cylinder will be proportional to the current in the 
circuit. To maintain synchronism, an impulse each 
revulution caused both machines to stop and reset to a 


Fie. 5 


preaetermined starting point. With this apparatus 
Korn created considerable interest and its application 
in the journalistic field was attempted in several of the 
larger cities of Europe. In the extreme delicacy of the 
mechanism is found probably its greatest fault. ‘Then, 
too, with difficulties encountered in maintaining syn- 
chronism, and the comparatively low sensitivity of the 
selenium cells, Korns selenium system was doomed 
to go the way of its predecessors. 

Korn also realized its limitations, for he soon turned 
his genius to a system free from the inherent drawbacks 
of selenium. His next labors brought forth his tel- 
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Fig. 638 


autograph. This consisted essentially of a combina- 
tion of a metal drum and the use of his galvanometer 
receiving machine. 

Of late M. Edouard Belin has come into the lime- 
light of the telephotographic field and has created 
considerable interest in his telesteriograph, which he 
very recently brought to America to demonstrate. 
So much has been written in the daily press, in the 
technical and semitechnical periodicals of the country 
of M. Belin’s apparatus, that its description must still 
be fresh in the minds of those to whose attention the 
present paper may come. It will be necessary here, 
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then, only briefly to review the elemental principles 
involved in his apparatus. 

As has been indicated above, Belin’s process for 
transmitting utilizes the “‘relief’’ photograph as devel- 
oped by Amstutz, and the sending apparatus is essenti- 
ally the same as that above described. The scheme 
is depicted in Fig. 64. At the receiving end, a Dud- 
dell type oscillograph is caused to reflect a beam of 
actinic light (the angle of incidence being proportional 
to the current in the galvanometric circuit) over a 
graduated screen containing, to all practical purposes, 
all the light variations from transparency to opacity 
(Fig. 6B). The light, thus varied in its intensity from 
passage through the screen, is focussed by means of a 
suitable lens through a small aperture in a dark box 
in which the cylinder carrying a sensitized paper or 
films revolves and moves latterly upon a threaded 
shaft. With the passage of a prominence under the 
stylus at the transmitting cylinder, the mirror of the 
oscillograph will be caused to reflect the light beam to 
the transparent end of the screen, and to the dark end 
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with the passage of a depression under the transmitting 
stylus. Under development, the sensitized paper or 
film will represent a faithful reproduction of the 
original, providing of course that absolute synchronism 
be maintained between the sending and receiving 
machines. Some excellent results have been obtained 
with these instruments and we may hope much from 
M. Belin’s scheme. The French government has been 
experimenting recently and it is generally understood 
that some unannounced developments have been 
made. In warfare, in the criminalistic field and similar 
applications, its utility seems practicable in the present 
state of development. In the journalistic field, how- 
ever, the expenses which its operation entails in the 
sending of a single photograph make its practical 
application necessarily very limited. 

Possibly the only systems for telegraphing pictures 
that have been developed in America and that have 
attained any notable success in the commercial field 
are those of L. J. Leishman. The first of histwosystems 
was brought into experimental use by the government 
during the recent war. 

- His first system, called ‘“‘screen process” because the 
preparation of the subject photograph is similar to the 
process used in preparing newspaper half tones, is 
meritorious in that it has done much to eliminate 
complex and complicated apparatus of previous 
methods. In this method the subject photograph is 
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printed through fine mesh screen, (the purpose of 
which is to separate the picture into its minute com- 
ponent parts) upon a copper plate coated with a 
solution of glue and bichromate of ammonia. The 
positive is developed in warm water and the glue solu- 
tion is washed away in proportion to the light having 
acted upon it. The developed positive presents a 
surface of dots of varying sizes, areas of small or no 
dots representing the high lights and vice versa. For 
half tone work the plate of course much be etched which 
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changes the plate again into a negative for printing 
purposes. With the glue only on the plate however, 
it represents a positive and it is in this state that it is 
used for picture telegraphy. The plate is formed into 
a cylinder and slipped on to the cylinder of the sending 
machine where a stylus traveling upon its surface and 
closing the telegraphic circuit, sends out electric 
impulses varying in length as to the distance between 
dots. Here we are brought face to face with a rein- 
carnation of Bakewell’s metal cylinder having on its 
surface drawings and writings done in insulating ink 
and rotating under the contacting stylus, and we may 
be struck with thought that it isnt such a very far cry 
from those early attempts of 1847 to the present-day at- 
tempts to solve the same problem. The similarity in 
the two methods ceases, however, with the sending 
cylinder and the contacting stylus. At the receiving 
station the impulses as sent by the sending machine 
are interpreted into the various tones of the original 
photograph by a means as simple as it is ingenious. 
The current in the telegraphic circuit passes through 
two electromagnets actuating an armature bearing a 
sapphire stylus at its end. Fig. 7. Asthe impulses from 
the sending apparatus pass through the electromagnets 
the stylus is brought to bear upon the receiving cylinder 
which has around it an ordinary piece of white paper 
over which has been placed a sheet of carbon paper. 
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With each impulse then, a mark is made on the white 
paper and as the cylinder revolves synchronously 
with the sending cylinder the photograph is gradually 
built up. Fig. 8 represents a photograph received by 
this method. 

In this system a novel and superior method of 
synchronizing is used. Korn, Belin and others have 
synchronized by momentarily stopping one or both of 
the revolving cylinders. In the newly developed 
method both cylinders are permitted to revolve con- 
tinuously. This is accomplished by means of the 
relays controlling the motor circuit. Batteries actuat- - 
ing the relays are so connected that their current flow 
is neutralized when the machines are in synchronism. 
If one machine leads, current flows through the relay 
controlling its motor circuit and the motor is slowed 
down in proportion to the lead attained by the machine. 
It will readily be seen that this is a factor toward 
faster transmission, and very nearly absolute synchron- 
ism is maintained. 

Interruptions to the circuit take place at an average 
speed of 250 times per second; a fact that renders its 
use on ordinary telegraph lines impossible, since the 
relays in general use are of a low-speed type. This 
objection may of course be overcome by vacuum tube 
relays. Mr. Leishman, however, unsatisfied with this, 
has turned his genius to what promises to be a long 
step forward for this science. 

In the new process, Leishman utilizes the photo- 
electric cell in place of selenium, as used by Korn, in 
surmounting the inherent difficulties that limit its 
applieation. Selenium cells have been used during the 
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last ten years in astronomical measurement of ight 
from stars and planets, but it has been discarded in 
this work owing to the time necessary for recuperation 
after exposure and to its susceptibility to climatic 
influences. Highly satisfactory, in fact we might 
say perfect, results have been obtained in this work in 
recent years by the use of the gas photo-electric cell 
as developed by Kunz. This cell recuperates instan-— 
taneously, is not susceptible to climatic conditions and © 


. 
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has the light sensitiveness of the human eye. With 
this system, a film on a rotating glass cylinder is used. 

For receiving a picture transmitted by this process, 
Leishman has used a means that will entirely eliminate 
gravity, friction and mechanical inertia, factors which 
tend materially to limit the speed of transmission. 
An electromagnet carrying the current of the tele- 
graphic circuit is caused to rotate in the plane of 


LVGIS MBGWQ MJIJQ MTITQ 
QIJBQ QUJDQ SDIXQ SQisQ 
TEIBQ TGGQQ TMFQQ TSEUA 
TDEKA SMEUQ QXEMQ QJEQQ 
MVEQQ MJEKA MEEIQ MDETQ 
MBFWQ LVGIQ LMGKQ LIGMQ 
KVFWQ KTFTQ LDFBQ LAEWQ 
LJEGQ LQDQQ LUBWQ MQAVQ 
SAAMQ SKAMQ TDAVQ TLBIQ 
TUBTQ TXBVQ TVDAA TXDDQ 
UADMQ UAEIQ TWELA UBETQ 
TXFFQ TUFQQ TVFVQ TUGAQ 
TWGMQ UAGXKQ TSIGQ TGIFQ 
MQFEE QFFEQ QMFIQ QSFMG 
QSFAQ QBEWA QAEVA MMEVQ 
QAFDM QJFDM MTFFE QBFFQ 
QMFL:3 QGFLQ MXFJQ MTFFD 
QAFIQ QEFKQ QGFJQ QIFGK 
QBFIQ QFFJQ QFFIQ QEFFM 
QFFGV QJFIS QKFKA QFFLK 


Fig. 8p—Tuis Is THE Com- 
PLETE OUTLINE OBTAINED 
FROM THE CODE, WITH PROPER 
SHaDE LETTERS WITHIN En- 
CLOSURES. 
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a polarized beam of light. 
function of the current in the circuit and the intensity 
of the light passing the second Nichol prism will depend 
on the degree of rotation. This method for varying 
the intensity of the light beam was first suggested by 
Rignoux and Fournier. This method necessitates 
the use of the film on the receiving cylinder through 
which the light beam is carried. This method pro- 
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duces a pure half-tone picture upon the receiving film. 

We have seen that picture transmission consists 
essentially in building up a photograph at the receiving 
station by placing correctly component parts of the 
original and by giving each the proper degree of shading. 
Thus far the systems we have studied have accom- 
plished this by mechanical means only and only a 
minute portion is transmitted at any instant. In a 


The degree of rotation is a” 


ISAKSON: DEVELOPMENTS IN TELEPHOTOGRAPHY 799 


code system developed by Lieshman we find a deviation 
from previous practises and though it involves no 
new application of pure or applied science we may find 
it of interest in that it is novel and ingenious and has 
possibly found a wider commercial use than any other 
process thus far brought out. In this system a photo- 
graph is first split up into component parts; this first 
step differing from previous methods in that large 
areas comprising one single shade throughout com- 
prise these parts. In Fig. 8B this first step is 
illustrated. 

Being arranged primarily for rapid distribution of 
current photographs and illustrations for newspaper 
work this new system concerns itself with only five 
gradations of shade, further gradations being un- 


Fie. 8e¢ 
The code system was perfected with the needs of a newspaper in mind. 
A newspaper uses 60 line screen in making its cuts, and therefore neither 
the original or reproduction would have the clearness or detail shown in 


these cuts of 100 line screen. The fine screen was used here to make them 
look as near like the actual pictures as possible, but on account of the detail 
shown by the fine screen the original.and reproduction—A and F—do not 
look as much alike as they would if printed in a newspaper. 

Not only is this due to the screen itself, but to the fact. that detail that 
will not show clearly in a newspaper cut is purposely eliminated, as it is 
foolish to unnecessarily lengthen a photogram to include details that will 
not produce in a newspaper picture even if the original itself were used. 
To show that the code system more nearly meets newspaper needs than the 
previous cuts would indicate, A and F are herewith reproduced as they 
would appear in a newspaper—in 60 line screen. 


necessary from the fact that only that number appear 
in the ordinary 60-screen newspaper cut. Each shade 
may be designated by a letter. In practise X indicates 
white; F light grey; J medium grey; K dark grey; 
and M indicates black. For outlining the areas of one 
solid shade a continuous line is used when its borders 
are abrupt and distinct, and a dotted line when two 
degrees of shade blend. After the picture has been 
divided in this way it is ready for the coding process. 
The apparatus consists of a drawing board with a scale 
across the top denoting the abscissa and an ordinary T 
square with a similar scale along its edges marking off 
the ordinates, (Fig. 9). The scale is divided into 18 
prime divisions and each prime division into 18 sub- 
divisions. For designating these divisions, letters are 
used instead of numbers for two reasons; first, there 
are nine digits, which with the cypher, make only 10 
possible characters that can be used, while the alphabet 
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affords 26. With letters, therefore, any division and 
subdivision may be designated by only two characters; 
second, telegraph companies send five letters in code as 
one work but for numbers each digit is charged for at 
the word rate. Since in the scale designed only 18 
letters are necessary, those most easily confused in 
telegraphing are omitted. 

With the coding board any determined point on a 
picture, as fixed by a first coding board, may be 
accurately placed, relative to other points, by a second. 

This is very similar to the familiar way of locating 
towns and cities on maps where longitude may be 
indicated by figures and the latitude by letters or 
vice versa. This for instance, were it desired to locate 
the town of Podunk in a certain map we find in the key 


Fig. 


opposite the name of Podunk the characters R-6. 
By this we know that the town is in proximity of the 
point where longitude 6 intersects latitude R. 

Obviously in picture transmission utmost accuracy 
is necessary in properly fixing points and it is therefore 
necessary to use an infinitely great number of ordinates 
and abscissas. It follows therefore, that more charac- 
ters are required to express the exact location of points. 
It is accomplished by using four letters; the first indi- 
cates the prime division on the vertical scale and the 
second the particular ordinate coming within that 
division. The third tells which of the prime divisions 
on the horizontal scale contains the abscissas indicated 
by the fourth letter. Asan instance, L G V I indicates 
the co-ordinate of ordinate G in prime division Lon 
the vertical scale and abscissa J in prime division V 
on the horizontal scale. . 

The lines circumscribing the various shades are 
divided having in mind the following two geometrical 
propositions; first, that two points determine a straight 
line and, second, that three points determine a circle. 
In coding a straight line the 7-square is placed with the 
seale edge of the 7-square on the first point. Both 
scales are then read and the T-square placed on the 
second point and scales read. 
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Telegraph rules permit five letters to a word in code 
messages and four are used in locating each point along 
a line. The remaining letter is used to indicate the 
various processes to the receiving operator; thus: 


. Letter S indicates beginning of a line 


& “ end of line 


“ end of straight line 

“  eusp 

“ end of straight dotted lines 
cusp dotted 


shades 
to biend 


“white 
“light grey 

“ medium grey 
dark grey 

« black 


PRN UN AGTORD 
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Letters indicating shading are given when the cir- 
cumscribing line is completed, 7. e. brought back to the 
point of beginning. ee : 

A finished picture is shown inthe illustration, Fig. 10. 


_ This wasreproduced from the codeby an operator who had 


never seen the original. With this system hundreds 
of photographs are being sent through the Leishman 
Telegraph Picture Service Company to progressive 
newspapers in all parts of the country and though its 
scope is necessarily limited, due to an inability to code 
and reproduce photographs containing any great amount 
of detail economically, yet it seems that the field re- 
mains sufficiently broad to warrant its development. 
Inasmuch as the code system is not electric, except 
as concerns telegraph instruments, and does not intro- 
duce any new principle of physics or mechanics into 
the field of applied science it.may, perhaps, not be of 
great interest, considered from a purely technical stand- 
point. Yet, inasmuch as it has been more or less suc- 
cessfully used in replacing more intricate systems the 
author thinks he is justified in discussing it in the pres- 
ent paper. A photogram, as it has been termed by 
the inventor, may be relayed any number of times, 
lends itself to wireless as well as wire telegraphy and 
is never subject to static and magnetic disturbances 
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nor to the inherent evils of long telegraph and telephone 
lines; viz., capacitance, inductance, ete. 

From the preceding description we may rightly 
conclude picture telegraphy is as yet far from the 
zenith of its possibilities. A broad field for investi- 
gation and experimentation in the application of new 
and untried laws and phenomena oi chemistry, physics, 
etc.; as promulgated from time to time from the realm 
of pure science is unfolded to the engineer of tomorrow. 
Assuredly we may anticipate a great advance in this 
art during the next decade and we may be hopeful even 
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of a practical solution to the problem of seeing over a 
wire or by wireless, in fact, some of the foremost 
European scientists are even now devoting their ener- 
gies to this end. 


Discussion 


R. J.C. Wood: Isn’t the picture as received shown at 
Fig. 8 (p). I think that is actually what the receiving end gets 
over the wire and any exercise of imagination, as Mr. Hillebrand 
says, refers to (F). It-would seem to me that these boundaries 
are determined by the co-ordinates of points along them, all 
around the boundary. That being so you then get these contour 
lines as shown on Fig. 8 (gE). They are filled in with the particular 
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shade according to one of the letters in the code corresponding to 
that boundary. You then get the Fig. 8 (&) as the final result 
received at the receiving end. The illustrator knows that no- 
body looks exactly like (p) and he makes it look a little better, 
like (8-F). Tele-photography means to a photographer taking 
very far distance scenes with a lens of long focus. Is this term 
telephotography standard in this sense of transmitting photo- 
graphs to a distance by wire? The term is already fairly well 
assigned to the photographie science, and it would seem to me 
that some such title as photo-transmission or an equivalent would 
describe the process better than telephotography. 

D. I. Cone: In that connection I note that the artist states 
“Under the second head which may be generally termed tele- 
photography”—from which I gather that he is not satisfied that 
his word covers the subject.. There are in the paper a number of 
references to the difficulties that have been encountered by 
workers on account of the inherent characteristics of the wire 
line. It seems to me that this is a hang over from earlier days 
when the transmission of signals over long electrical lines was less 
understood than it is now. As an example he states, “‘Interrup- 
tions to the circuit take place at an average speed of 250 times 
per second,.a fact that renders its use on ordinary telegraph lines 
impossible sinee the relays in general use are of a low-speed type.” 
That, while entirely true, is becoming less and less a limit, in fact 
it simply suggests that since hé wants to use frequencies of the 
order of two or three hundred eycles per second he needs the 
telephone line as opposed ‘to the ordinary telegraph circuit, or, 
what is equivalent to the same thing, the more recently developed 
earrier telegraph circuit which by merely modifying the terminal 
apparatus to handle higher frequencies is capable of caring for 
the high frequeney on which his voids hinge. The earlier 
methods deseribed in the paper ean be said to have other diffi- 
culties at the present time entirely in the transmitting and receiv- 
ing apparatus, and the question of troubles due to inductance and 
capacity on the line may be dismissed; and they say it is a buga- 
boo which ean be most thoroughly taken into account to any 
degree of refinement that is necessary merely by spending a 
certain amount of money on it. 

D. W. Isakson: As regards a name-for the science of trans- 
mitting photographs over electric circuits I can only say that 
in this paper I havereverted to the term generally used and 
accepted by the technical and semitechnical press. An analysis 
of the word justifies its application. But as Mr. Wood points 
out it at present designates a division of photographie art and 
its inappropriateness therefore is not to be argued. It is to be 
expected that with the future development of the art appro- 
priate nomenclature will be invented. 

In the synopsis of’ this paper I have made the assertion that 
the solution to this problem of telegraphing pictures is near at 
hand. - I have given no space to suggestions as to how this is to 
be accomplished. That the vacuum tube and carrier wave will 
play important roles in the development of picture telegraphy 
I have not the least doubt. In fact I am convinced that only 
by application of the carrier wave can it be made practicable, 
excepting perhaps radio. In this I have myself made some 
interesting experiments and hope to announce results in near 
future. Now as to Mr. Cone’s suggestion of using telephone 
lines as a means of avoiding the difficulties encountered with low- 
speed relays, let me remind him of the telephone companies 
strict rules regarding the connection of foreign apparatus to 
its cireuits. Neither is the low speed relay the insurmountable 
obstacle to suecess: It will be noted that in the Belin process 
and Lieshman’s second system no interruptions take place. 
Here the current is continuous but varying in intensity. For 
this the vacuum tube relay has been used. The prohibitive 
cost of the arrangement with telephone and telegraph companies 
render both these systems impracticable from a purely economical 
standpoint. If by carrier wave we can send five or six photo- 
graphs simultaneously and for the cost of, say two (allowing for 
added cost of apparatus) then we shall have taken a long stride 
toward ultimate success. 


Recent Conclusions Pertaining to Electrical Precipitation 
BY WALTER A. SCHMIDT 


Member, A. I. E. E. 
Western Precipitation Company, Los Angeles, California 


Investigations into the phenomena of electrical precipitation of suspended particles from gases during recent years 


have resulted in some important conclusions. 


The purpose of this paper is to present these conclusions briefly, without 


entering into a detailed discussion of the actual equations used in designing precipitators, and of calculations embodying 


their use. 


has been made in establishing an understanding 

of the relationship between the various factors 
entering into the phenomena of electrical precipitation 
of suspended particles from gases, and it is the purpose 
of this paper to set forth briefly some of the more 
important conclusions, 

In the commercial application of the electrical pre- 
cipitation process, as practised during the past ten 
years, many puzzling phenomena were encountered 
for which satisfactory explanations were entirely lack- 
ing. In fact, some of these phenomena appeared to 
be anomalies. As an example of such an apparent 
anomaly, we may take the relationship between pre- 
cipitation efficiency and current flow. It had been 
early recognized that percentage of precipitation in- 
creased as the voltage approached the arcing point, 
and that the electrical discharge or current flow in- 
creased simultaneously and in a more or less definitely 
related manner. An apparent plausible conclusion 
was that precipitation efficiency was directly dependent 
upon current flow, and a review of the early work shows 
that much time and effort were expended in attempting 
to increase the corona discharge in certain commercial 
plants where precipitation results were lower than had 
been anticipated. Later, certain commercial problems 
were encountered where the very poorest results were 
obtained with the highest current flow, that is, with the 
most intense corona discharge. In fact, in one instal- 
lation where the problem consisted of collecting 
thoroughly dry colemanite dust, at a California borax 
plant, the current could apparently be raised indefinitely 
without bringing about any appreciable precipitation 
results. The capacity of the electrical equipment at 
that plant was limited to 10 kw., but this total energy 
could be dissipated with ease in a 40-pipe precipitator 
without effecting: any useful results. 

For the purpose of this paper it will be unnecessary 
to enter into a discussion of the theory and practise of 
electrical precipitation, as these subjects have been 
thoroughly covered in published articles. For those 
who are not familiar with the subject, a selected bibli- 
ography is appended.. Furthermore, R. B. Rathbun 
and G. H. Horne are presenting papers at this same 
meeting of the A. I. E. E., which review the subject 
briefly. For the purpose of this discussion, it is suffi- 
cient to say that electrical precipitation is accomplished 


bp. the past few years considerable progress 


Presented at the Pacific Coast Convention of the A. I.E. E., 
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by passing the fume-laden gas through a unidirectional 
electrostatic field in which a corona discharge is main- 
tained. In practise, a precipitator consists of a multi- 
plicity of opposing electrode units, one group being of 
such configuration as to facilitate corona discharge, 
the other group being of such form as to minimize or 
prevent discharge therefrom. The former are usually 
referred to as discharge electrodes, the latter as col- 
lecting electrodes. Discharge electrodes may consist 
of wires, chains, edged strips, serrated edges, or any 
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Fie. 1—Scuematic DRAWING oF A Pipe TREATER 


other form of conductor that will establish a sufficiently 
high potential gradient at or near its surface to cause 
corona discharge. Collecting electrodes may consist 
of plates, pipes, screens, closely grouped wires, or any 
other form or arrangement of conductors that will 
establish low field concentration and thus minimize or 
prevent corona discharge therefrom. Usually the 
collecting electrode system is of much greater weight 
than the discharge electrode system, and consequently 
is electrically grounded. The discharge electrode 
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Fig. 2—Scuematic DRAWING oF A PLaTE TREATER 


system is mounted upon insulators and is usually 
charged negatively with respect to ground. The po- 
tential difference maintained between electrodes de- 
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pends upon the electrode spacing and other circum- 
stances, and ranges in different installations from 
20,000 volts to 100,000 volts. Unidirectional current 
is. supplied by rectifying high-tension alternating 
current. The precipitator has been given the name of 
treater, and the type of collecting electrodes designates 


Fic. 4—View InTO A PLATE TREATER 


the type of treater, as, for example, pipe treater, plate 
treater, screen treater, etc. The principle of precipi- 
tation is in each case the same, the choice of treater 
depending on circumstances dictated by engineering 
considerations. Fig. 1 is a schematic drawing of a 
pipe treater; Fig. 2 is a similar schematic drawing of a 
plate treater; Fig. 3 is an illustration of a pipe treater 


Fic. 5—Typicat Eiectricat Controt Room 


installation; Fig. 4 gives a view of a plate treater; 
Fig. 5 shows a typical electrical control room, and Fig. 
6 a typical wiring diagram. 
EFFECT OF DEPOSITS 
As already stated, it is sufficient for the purpose of 
this discussion, to consider that the fume-laden gas is 
passed through a unidirectional electrostatic field in 
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which a corona discharge is maintained. However, 
it must be emphasized that this unidirectional dis- 
charge should emanate only from the discharge electrode 
and travel to the collecting electrode. We shall see 
that when this condition, which we can call normal, is 
disturbed, control of precipitation is lost and severe 
practical difficulties result. 

For simplicity we can limit our immediate discussion 
toa small section of a pipe treater, that is, a short 
length of pipe, electrically grounded with a negatively 
charged wire placed along the axis of the pipe. When 
the voltage is raised above the critical potential, a 
corona discharge is established,. the gas immediately 
around the wire becomes ionized, and the resultant 
ions travel either to the collecting electrode or to the 
discharge electrode, depending on whether they are 
negative or positive. However, those negative-ions 
which once leave the zone of ionization, travel toward 
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Fic. 6—Typicat Wirinc DIAGRAM 


the collecting electrode and give up their charge to 
this grounded electrode. Should the gas in the tube 
carry suspended liquid or solid particies, such particles 
as come within the zone of ionization may become either 
negatively or positively charged and thus be either 
repelled from or drawn to the discharge electrode, while. 
those particles which remain outside of the zone of 
ionization, become negatively charged and are forced 
over to the collecting electrode. In practise it is found 
that a certain amount of the precipitated material is 
always collected upon the discharge electrode, but by 
far the greater part of the precipitate is always collected 
on the grounded collecting electrode. 


However, as soon as material commences to collect 
upon the electrodes, conditions in the .precipitator 
change. To refer again to our short tube: It was stated 
that the ions traveling to the collecting electrode must 
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give up their charge to this grounded electrode. If this 
were not accomplished, a banked charge would result 
and discharge would cease. The same is true with 
charged particles of mist, dust or fume, when they are 
deposited upon the electrodes. If they do not give 
up their charge, one of two things must result; either 
the material will build up a continuous impervious 
dielectric and accumulate an electric charge upon its 
surface until discharge ceases, or the material will build 
up as a porous or discontinuous dielectric, which also 
will accumulate a charge upon its surface, but with quite 
different results. As this is-a type of deposit which 
frequently must be dealt with in practise, it deserves 
special consideration and we will return to it in a 
moment. The continuous impervious dielectric is 
rarely, if ever, encountered in practise, and the fully 
conducting deposit which readily gives up its charge is 
only infrequently encountered, except in the case of 
mist precipitation, as for example, sulfuric acid mist. 
The usual deposit obtained when precipitating dust or 
fume, is but poorly conducting, due, in part, to poor 
conductive properties of the material, and, in part, to 
the poor contact between the precipitated particles 
themselves. As this is a common type of deposit, and 
as the handling thereof has presented many serious 
difficulties, we will be justified in discussing at some 
length its properties as well as its effects. 

E. R. Wolcott has shown (Physical Review, 
N. S., Vol. XII, No. 4, October, 1918). that when a 
discontinuous dielectric covers an electrode, it acts in 
all respects as though the electrode had sharp pro- 
jections at the points of discontinuity of the dielectric; 
that is, it establishes a point discharge. In other words, 
it establishes a discharge at the point of discontinuity, 
of a nature similar to the discharge that would result 
if the dielectric were replaced by projecting conducting 
points. It follows that such discontinuous dielectric, 
when placed upon an electrode, causes a iowering of the 
arcing voltage. A porous non-conducting deposit acts 
very similarly and apparently for the followingreasons. 
Such a deposit consists of minute particles separated 
by equally minute gas spaces. As the solid particles 
and the gas will have different dielectric properties 
the electric field will be concentrated at the points of 
contact or approximate contact of the solid particles. 
As the charge accumulated at the surface of the deposit 
increases, and the field through the deposit increases, 
the field intensity at these points of local field concentra- 
tion will rise sufficiently to cause ionization of the gas 
within the interstices in the deposit. Once this condi- 
tion is established, the deposit becomes an ionizer or 
source of discharge, with most disastrous results so 
far as precipitation is concerned. In the first place, 
the gas immediately adjacent to the deposit becomes 
ionized and this results in a decrease in the dielectric 
strength of the gas between the electrodes and causes 
a lowering of the arcing voltage, as Wolcott has shown. 
Secondly, the deposit being an ionizer, causes an increase 
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in discharge with consequent increase in power con- 
sumption. Thirdly, and most important, both elec- 
trodes become sources of discharge, and although 
instruments placed in the electric circuit will indicate 
a unidirectional current flow, still we will have two 
opposing discharges of opposite sign, one emanating 
from each of the two opposing electrodes. Any dust 
or fume particle placed between these two discharges 
will be buffeted back and forth, but may fail to be 
precipitated on the electrodes. In other words, such 
a deposit will cause three undesirable results, namely, 
lowering of the arcing. voltage, useless dissipation of 
energy, and interference with normal precipitation. 
The following results obtained at a lead smelter, illus- 
trate the effects resulting from the formation of such a 
deposit: 


Condition of Power Precipitation Precipitation 
Deposit Consumption ueltage Efficiency 
Non-conducting....... 7.2K. W. 52,000 ae “74 per cent 
Commuctin gs ci testes 5.0 K. W. 70,000 volts 97 per cent _ 


As was stated early in this discussion, it is essential 
that the electric discharge shall emanate from the 
discharge electrode and travel to the collecting electrode 
if normal precipitation is to be accomplished. When 
materials are collected which tend to form porous 
dielectric deposits, it is, therefore, essential that con- 
ditions must be so changed as to prevent the formation 
of such a deposit. This can be done in several ways. 
The material to be precipitated may be changed through 
the introduction of substances which will cause the 
deposit to become conducting, as, for example, the 
addition of acid mist, carbon smoke, or any other 
convenient. conducting material. Or, the gases may 
be so changed as to cause a surface leakage over the 
particles composing the deposit, which is often readily 
accomplished through the addition of moisture to. the 
gases to increase the humidity thereof. Or, conducting 
materials may be added directly to the electrodes, as, 
for example, water or acid. Only a slight conductivity 
is necessary,.as a current density as low as one milli- 
ampere per 30 sq. ft. of deposit is not. uncommon. 
We are all familiar with the effect of humidity on the 
operativeness of electrostatic influence . machines, 
where.a slight surface leakage is sufficient. to prevent 
the building up of a charge. A similar leakage is 
amply sufficient for drawing the charge thrown the 
deposit in a, precipitator. 

It is obvious that some deposits will exhibit much 
more serious effects than others, depending upon the 
degree to which they will accumulate a surface charge. 
In certain cases the discharge from the deposit, or 
back ionization, as it has been. called, is sufficiently 
heavy to be.clearly visible when viewed in the dark. 
Under such conditions, precipitation virtually ceases, 
the current flow will mount to many, times its normal 
value, and the arcing voltage may be lowered as much 
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as 50 per cent below its normal value. In. other cases 
the back ionization is very mild and this.will, be mani- 
fested by a correspondingly small decrease in the are- 
ing voltage. In such cases it often will be noticed, 
with a mixed dust and fume, that the decrease in effi- 
ciency will be greater on the fume than on the dust, 
possibly due to the fact that the relatively heavy dust 
particles can be shot through the thin reverse discharge 
caused by the back ionization, while the relatively 
light and small fume particles are arrested in their 
course, discharged, then recharged and repelled from 
the collecting electrode. 

From a practical point of view, this can all be sum- 
marized by saying that the deposit upon the collecting 
electrode should, at all times, be kept conducting. 


FACTORS BEARING UPON PRECIPITATION EFFICIENCY 

A series of investigations recently conducted by E. 
Anderson and G. H. Horne, has disclosed some interest- 
ing and valuable information on the relationship be- 
tween various factors bearing upon precipitation effi- 
ciency. This information can be summarized in a 
number of conclusions. Of primary importance is 
the relationship between precipitation efficiency and 
gas volume. Anderson has shown that the curve ex- 
pressing this relation follows an exponential equation. 
Secondly, he has shown that with a given definite 
gas volume, the precipitation efficiency is a function of 
the length of discharge electrode and again follows an 
exponential equation. Thirdly, Anderson and Horne 
have shown that each combination of gas and fume has 
certain specific properties when considered from a 
precipitation viewpoint, and that these properties can 
be expressed numerically as a constant to be included 
in the precipitation equation. 

The value of these three conclusions cannot be 
overestimated, as they. bring order out of chaos in the 
mass of puzzling and apparently conflicting data that 
have been accumulated during the past ten years. 
All that is necessary now is to determine the value 
of the precipitation constant that applies to any spe- 
cifie problem, and all other considerations then follow 
in a perfectly orderly manner, according to definite 
mathematical relationships. ‘The precipitation con- 
stant can be easily determined by experiment, or, where 
a familiar problem is under consideration, it may be 
drawn from experience. We will pass over the rela- 
tionship between different types of electrodes, as dis- 
cussion of these, factors lies outside the scope of this 
paper, being in the province of the specialized engineer. _ 
The choice of type of treater, type and size of elec- 
trodes, electrode spacing, operating voltage, etc., are 
dependent, upon engineering considerations, and can 
be dictated by experienceonly. . Theimportant general- 
ized conclusion which it is desired to emphasize here, 
is that all types of precipitators behave in a. similar 
manner, the effectiveness of one being expressible in 
terms of the other, and that after allowance is made 
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for the type of treater, precipitation efficiency is then 
expressible in the terms of an exponential equation, 
which equation involves a precipitation constant 
expressing the properties of the fume-laden gas under 
treatment, and which has as its variables the length of 
discharge electrode and the gas velocity. 

The following table shows the close agreement be- 
tween calculated and observed values for precipitation 
efficiency: 


Efficiency 
Gas 
volume Calcu- 
cu.ft. | Observed} lated 
Type of Treater Character of Fume |} per min. | per cent | per cent 
Pines: fiuyas obieorek Potash fume 23,000 86 86 
Plate. s.2c: face aes Potash fume 18,000 75 71 
Pipe aces ties wae Cement dust 150,000 94 92 
PINGSag HF eee Metallic chloride 15,000 97 98.8 
PINGS fac, 5 lees ees Lead fume 102,000 82 85 
Plates seeactes ae Bismuth fume 5,000 90 92 
Transverse screen Potash fume 1,000 73 75 


Considering the wide variation in both the character 
of fume and the gas volumes handled, the agreement 
between calculated and observed efficiency values is 
quite satisfactory. 

With this definite knowledge at our disposal, it is 
now possible to calculate the optimum size of a pre- 
cipitator for any specific commercial installation where 
the most economical recovery of valuable dust or fume is 
under consideration. A. A. Schmidt has developed a 
formula to be used for this purpose, which equation is 
of the form 


RS 
a ( 8 clog d ) 
Fae log d 


In this equation a is the gas volume to be treated, 
b is a function of the unit cost of the precipitator, the 
rate of interest and depreciation and cost of labor and 
power. The value of the solids carried by the gases is 
represented by c, d is a function of the specific precipita- 
tion rate for the fume or dust considered, and zx is the 
optimum size of the precipitator. 

It should be emphasized that the equations pertain- 
ing to precipitation efficiency apply only while normal 
precipitation is being performed. If a porous dielectric 
deposit is accumulated upon the electrodes and back 
ionization is established, normal precipitation is ob- 
viously interfered with and these equations can no 
longer be applied. 

It should also be emphasized that the precipitation 
constant is in itself a variable and that its value is 
only constant for a specific set of fume and gas condi- 
tions, and shifts with changes in gas composition, 
temperature, fume composition, fume concentration, 
physical state of subdivision of dust or fume, ete. 

To make these last statements clear, it might ad- 
vantageously be said that it is not only the average 
value of the precipitation constant that is of interest in 


designing a commercial installation, but consideration 
must also be given to the limits through which the 
value of this constant will fluctuate with variations in 
factory operations. For example, in treating the gases 
from a single copper converter, different precipitation 
constants apply at different stages in the converting 
operations. If the matte fed to the converter contains 
appreciable quantities of lead and zine, the gases arising 
from the first part of the blast will carry a lead and zine 
fume, while during the latter part of the blast the gases 
will carry essentially fine copper pellets or dust mixed 
with some copper fume. Also, a constantly rising 
temperature must be dealt with. Furthermore, as 
lead and zine fumes have the faculty of forming deposits 
which easily lead to back ionization, care must be 
taken to insure at all times the deposition of a conducting 
deposit. In designing a plant to take care of such a 
problem, a precipitation constant must be chosen which 
will represent the most difficult conditions to be en- 
countered under the varying operating conditions. 
The example chosen is, of course, an extreme case, and 
the engineer is rarely called upon to design a plant to 
operate on such a varying load. Usually the precipita- 
tion constant will vary within rather close limits, and 
ordinarily these limits can be readily determined before 
design of precipitator is undertaken. 

Anderson and Horne, in their investigation, have 
again confirmed earlier determinations upon the effect 
of voltage. It is now clearly established that precipita- 
tion efficiency rises rapidly as the voltage increases, 
and that for best results, the voltage on a precipitator 
should be kept as near the arcing point as is consistent 
with smooth operation. As voltage has adirect bearing 
upon precipitation efficiency, the question will be 
asked as to why this variable has been ignored in the 
previous discussion. This is because commercial in- 
stallations are always operated at the maximum stress 
permissible with smooth operation, and consequently 
the voltage variable can be disregarded. 

The purpose of this paper is merely to present some 
of the conclusions which have been drawn from recent 
investigations, and to make these available to the 
engineer. A detailed discussion of the actual equations 
used in designing precipitators, and calculations 
embodying their use, have been purposely omitted 
because, after all, the choice of precipitator types and 
the analysis of the factors entering into the phenomenon 
of precipitation, can be properly accomplished only 
by the experienced specialized engineer, and his 
ability to do this is part of his stock in trade. However 
it is hoped that present-day conclusions have been 
sufficiently clearly and fully set forth to show that the 
former puzzling and perplexing data and apparent 
anomalies have been coordinated into a consistent 
whole, and that, after all, the phenomenon of precipita- 
tion is consistent as well as relatively simple in its 
essential fundamentals. 
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SUMMARY 


1. Many types of fume and dust when deposited on 
the electrodes comprising an electrical precipitator 
form porous dielectric deposits. 


2. Such deposits establish back-ionization and will 
cause three undesirable results, namely, lowering of the 
arcing voltage, useless dissipation of energy, and inter- 
ference with normal precipitation. 


3. To prevent the formation of such deposits, con- 
ditions must be so changed as to insure the deposition 
of an electrically conducting deposit. This can be 
accomplished in several ways. 


4. The relationship between precipitation efficiency 
and gas volume can be expressed by an exponential 
equation. 


5. Fora definite gas volume, precipitation efficiency 
is a function of the length of discharge electrode and 
also follows an exponential equation. 


6. Each combination of gas and fume has certain 
specific properties when considered from a precipitation 
viewpoint, and these properties can be expressed 
numerically as a constant ,to be included in the pre- 
cipitation equation. 

7. All types of precipitators behave in a similar 
manner, the effectiveness of one being expressible in 
terms of the other. 


8. After allowance is made for the type of treater, 
precipitation efficiency is then expressible in terms of an 
exponential] equation,which equation involves a precip!- 
tation constant expressing the properties of the fume- 
laden gas under treatment, and which has as its varia- 
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bles the length of discharge electrode and the gas 
velocity. 

9. With this definite information available, the 


optimum size of precipitators can be calculated. 


10. The equations pertaining to precipitation effi- 
ciency only apply while normal precipitation is being 
performed and do not apply when the deposit on the 
electrodes establishes back-ionization. 


11. Precipitation efficiency rises rapidly as the volt- 
age increases and commercial installations should be 
operated at the maximum stress permissible with 
smooth operation. 


12. The precipitation equations and calculations 
embodying their use are omitted for reasons set forth. 
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Electrical Engineering Features of the Electrical 


Precipitation Process 
G. H. HORNE 


Associate, A. I. E. E. 
Western Precipitation Company, Los Angeles, Cal. 


Review of the Subject:-—In the beginning, the Cottrell Process 
of Electrical Precipitation was greatly handicapped by the fact 
that there did not exist standard electrical equipment which could be 
used to develop the necessary potentials under the severe conditions 
imposed by the mechanical rectifier, used for rectifying the high- 
potential alternating current. The transformers used were a con- 
stant source of trouble and annoyance. This condition delayed the 
rapid accumulation of accurate data pertaining to precipitation 
phenomena, since those engaged in the work’ were kept busy in 
merely maintaining a source of power. 

It was not long, however, before the electrical manufacturing 
companies were interested. in the problems. involved, and better 
transformers were produced. These transformers have now been 
developed to a degree which is very nearly the equal of the ordinary 
power transformers of the same voltage ratings. For several years 
there was a demand for higher and higher voltage ratings, owing 
to the belief that through the use of very high potentials and conse- 


quent large electrode spacing the size and cost of precipitators could 
be greatly reduced. Potentials as high as 250,000 volts were ex- 
perimented with, but such high voltages proved to be impractical. 


Transformers as now standardized are in two voltage ranges, one 
with a maximum voltage of 75,000 volts having taps in the low 
tension to deliver 50, 60, 65 and 70 kilovolts, the other hamng a 
maximum voltage rating of 100,000 volts with taps in the low tension 
to deliver 50, 62%, 75 and 87% kilovolts. These transformers 
are manufactured in 10, 15 and 25 kv-a. cwpacity. 
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SOURCE OF POWER 
N all plants in commercial operation today the 
low-tension current is supplied to the transform- 
erin accordance with one of two systems. These 
are known as the synchronous motor system and the 
motor-generator system, and are shown by the wiring 
diagrams, Figs. 1 and 2 respectively. 
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In the synchronous motor system, the power is sup- 
plied to the transformer from one phase of the regular 
factory three-phase main. The mechanical rectifier is 
driven by a synchronous motor from which this system 
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derives its name. This motor is usually a three-phase 
synchronous motor and is self-starting: It consists 
of a standard four-pole induction motor in a 3 horse 
power frame, the rotor of which has been slotted or 
under cut at four places in its circumference to empha- 
size the poles... As built, the best types of these motors 
possess the ability to pull into synchronism on voltages 
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Fie. 2—Wirinae Diacram—Moror-Gmenerator SYSTEM 


as much as 30 per cent below normal, and will deliver 
approximately two h.p. without slip. The greatest 
advantage of this system is its low cost. Where this 
system is employed, care must be taken in starting up 
to apply negative polarity to the electrode system. 
This is indicated by a spark gap at the rectifier and 
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controlled by a polarity switch.. The voltage regula- 
tion is usually accomplished by a variable resistance in 
connection with taps in the low tension of the trans- 
former winding, although in.some cases. auto trans- 
formers. or. induction regulators or any combination 
of these are in use. As stated above, in this system the 
transformer is connected directly to the plant mains 
and this has been the source of much discussion in 
connection with disturbances in the precipitation 
circuits being reflected back on these mains, but tests 
which are borne out by experience show that any such 
disturbances do not manifest themselves in external 
circuits. 

In the motor-generator system a motor is used to 
drive a single-phase four-pole generator which supplies 


Fig. 3—MeEcHANICAL RECTIFIER 


power through the switchboard to the low-tension 
windings of the transformer, and this motor is also 
coupled to the rectifier. As the generator and rectifier 
are mechanically connected, the latter is always in 
synchronism with the current which it is rectifying. 
In this system the voltage regulation is secured by 
means of the generator field rheostat in connection with 
the taps in the low-tension winding of the transformer. 
There is no electrical connection between the precipi- 
tation circuits and the factory mains, and this elimi- 
nates all possibility of disturbances passing from one 
to the other. . 

A third system has been proposed which, however, 
has never been used. In this the transformer would be 
eliminated and power taken directly from existing high- 
tension power lines through proper protection and 
switching. devices, and the current rectified by a. syn- 
_chronous. motor-driven rectifier. This system will 
probably never come into actual use as it is doubtful 
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if any company would care to connect a high-tension 
line to this class of service. 

There is no marked difference in the precipitation 
results obtained from either of the two systems in 
use, as. the same voltage can be maintained on the 
precipitator by either system, and insofar as power 
supply is concerned, precipitator voltage is the impor- 
tant factor bearing upon precipitation efficiency. 


METHODS OF RECTIFICATION 


As indicated above, it is necessary to supply the 
discharge electrode system with vnidirectional current 
in order to obtain maximum precipitation efficiency. 
This does not mean that a regular direct current is 
necessary. In fact, it has so far not been definitely 
proved that direct current possesses any inherent advan- 
tage over the pulsating unidirectional current obtained 
through the use of the mechanical rectifier. 


A typical mechanical rectifier is illustrated in Fig. 3. 
It consists of a bakelite disk to the periphery of which 
are attached two quadrant metal strips opposite each 
other, these constituting the moving conductors. The 
four stationary shoes are so mounted that they may be 
rotated about the disk through 90 deg. by means of a 
hand wheel, pinion and gear segment. The length 
of the stationary shoes and the length of the moving 
conductors determine the length of contact on the 
wave, and the position of the shoes about the disk, as 
adjusted by the hand wheel, determines. the portion 
of the wave rectified. On the rectifier illustrated, the 
shoes cover approximately 25 per cent of the wave. 
Mechanical rectifiers of this general type are the only 
rectifiers which have so far proved successful in com- 
mercial operation, and, as a result, are the only kind in 
use at this time. While they are far from perfect in 
many respects, they do possess the advantage of sub- 
stantial construction and simplicity of operation re- 
quiring a minimum of attention. In other words, they 
embody features of reliability not yet attained in 
other types. The greatest single objection to them is 
that the high-tension circuit is made and broken in 
air, generating high-frequency oscillations, which place 
abnormal electrical strains on the transformer. Appar- 
ently these oscillations do not markedly affect the effi- 
ciency of precipitation, at least no tests have shown 
any appreciable lowering of efficiency from this cause. 
Another objection to the mechanical rectifier is that it 
is noisy in operation due to the arc which is drawn out 
at the trailing end of the rotating segments. However, 
the noise as well as the oscillations may be fairly well 
damped out by the use of proper resistance in the high- 
tension circuits. A further objection to the mechanical 
rectifier is its low efficiency due to the air gap which 
must be broken down at each of the stationary shoes. 
There is an unavoidable voltage drop over the rectifier 
and it has not been found possible to eliminate this, 
owing to the high peripheral speed of the disk, which 
makes metallic contacting impractical. 

Another type of rectifier is the kenotron, which is a 
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vacuum tube conducting current in one direction only 
by means of electronic emission from an incandescent 
electrode. This type of rectifier has many promising 
features as it does not possess a number of the dis- 
advantages of the mechanical rectifier. However, 
such rectifiers have the disadvantage of being fragile 
and consequently require much care in handling. 
Moreover they do not stand short circuits and must 
be protected by a system of automatic relays since 
short circuits in the precipitator may be of frequent 
occurrence. The current-carrying capacity of such a 
rectifier is limited by the rate at which electrons are 
liberated from the incandescent filament. The life of 
such a rectifier is limited, but with the kenotron this 
has now been extended to approximately 2500 hours. 
As yet, no large commercial precipitation installations 
have been made with kenotrons as the sole means of 
rectification. Investigations are now under way at one 
of the larger smelters in the United States in which 
comparative studies are being made of the kenotron 
and the mechanical rectifier with the object of deter- 
mining their respective merits over long periods of 
operation. 

A third method of rectification is by means of the 
air blast rectifier. This method has not been carried 
beyond the experimental stageas it was found to possess 
all of the disadvantages of the mechanical rectifier in 
an aggravated form. This rectifier consists of a dis- 
charge point facinga plate. The pointed rod is located 
soas to project from a tube through which compressed 
air is blown around the point toward the plate. This 
apparatus acts as an electric valve, allowing only the 
positive discharge to flow across the gap to the plate. 
The only advantage which rhe air blast rectifier pos- 
sesses is cheapness. 


DIRECT CURRENT 

So far as is known, there has been only one serious 
attempt made to produce a direct-current generator 
for precipitation work. This was made several years 
ago by the Girvin Electrical Development Company of 
Philadelphia, working in conjunction with the Research 
Corporation of New York. Several machines were 
built of about 10-kw. capacity which delivered current 
at 50,000 volts. Also one 75,000-volt generator was 
built. Fig. 4 shows the commutator of one of these 
generators. These machines were of the vertical type, 
belt-driven, with a rotating field and provided with 
intermediate commutating poles. The armature coils 
were submerged in oil. The case carrying this oil being 
partly located in the magnetic field, was made of bakelite. 
The individual coils of the armature were brought up 
to a commutator which consisted of a number of disks 
one of which served as a commutator for each armature 
coil. The disks were interconnected so as to add the 
voltages of all coils and deliver the power to a single 
high-tension lead. The other end of the system was 
grounded. These machines were 33 inches in diameter 
and 62 inches high, making a very compact unit when 
the capacity and voltage rating are considered. 
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Comparative tests made between one of these gener- 
ators and a mechanical rectifier indicated that the 
generator gave slightly better results, so far as precipi- 
tation efficiency is concerned, but the superiority was 
not sufficiently great to warrant further development 
work. 
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Fie. 4—Commurator or D-C. 50,000-VoLr Girvin GENERATOR 


RELATION BETWEEN PRECIPITATION AND IMPRESSED 
VOLTAGE 

In the foregoing discussion the main features of the 

apparatus and methods used in producing a source of 

power for electrical precipitation work have been dis- 
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cussed. It is interesting to note some of the relations 
between voltage and precipitation efficiency. 

The measurement of voltage by means of the needle 
point spark gap, is well-known. If one of the needles 
is replaced by a smooth, clean flat plate, we have what. 
is analogous to a precipitator, the needle point corres- 
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ponding to the discharge electrode and the plate to 
the collecting electrode! With sucha “‘point to plate’ 
arrangement, laboratory studies may be made of some 
of the fundamental factors involved in electrical pre- 
cipitation. It can be shown that rupture, or complete 
electrical breakdown, of the air between the point and 
plate for most spacing will take place at widely different 
voltages, depending on whether the point is positive or 
negative. This is shown by the two curves of Fig. 5. 
It will be noted that the curves cross at about 2 mm. 
and that at shorter distances the arcing voltage is 
greater when the point is positive, while for all spacings 
above 2 mm. the arcing voltage is greater when the 
point is negative. This is one reason why the use of 
negative polarity on the discharge electrodes in elec- 
trical precipitation is preferable. A second reason for 
using negative polarity is that usually the precipitation 
efficiency is higher even with equal impressed voltages. 

In a precipitator, under actual working conditions, 
the difference in the arcing voltage between positive 
and negative polarity is not so great as found in the 


8 8 


fe EFF ciency 
N 
iS 


g 
0/0 20 30 40 50 60 70 80 90 


Aisovo.Ts PEtERK 


Fie. 6—RELATION BETWEEN PRECIPITATION EFFICIENCY AND 
Perak KILovotts IMPRESSED ON PRECIPITATOR 
Typical Curve 


point to plate investigation in the laboratory, results 
of which are indicated in Fig. 5. However, there is 
usually a substantial difference in favor of negative 
polarity. 

Fig. 6 illustrates the relation existing between the 
voltage impressed on a precipitator and its precipi- 
tation efficiency when treating gas at a given rate. 
If this rate be changed, the curve would be shifted 
above or below the curve shown. It will be noted 
that this curve flattens out toward the top and the 
higher voltages are not accompanied by a corres- 
ponding increase in efficiency. The highest point 
shown on the curve in Fig. 6 is 2000 volts under the 
normal arcing voltage of the precipitator on which the 
tests were made. This curve, therefore, shows the 
fallacy of the belief which has often been expressed in 
the past, namely, that the last few volts,: just under 
the arcing voltage, are particularly effective. 

The fundamental differences between: the positive 
and negative discharge as they affect precipitation, are 
not well understood. A visual difference is observed in 
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the corona of the two. The positive corona manifests 
itself in rather long shifting brushes, while the negative 
is of a steady, bright beadlike character. From such an 
observation it may be concluded that with positive dis- 
charge the gas is ionized to a greater distance from the 
conductor than with the negative discharge. On the 
basis of this assumption, it is not surprising that the 
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arcing distance for a given voltage is greater when the 
point is positive than when it is negative. 

In connection herewith, some study has been made 
of the electric windage established about a discharging 
point. This was done by using the point to plate 
method described above, with the exception that in 
this case the pointed rod was hollow, the discharge 
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taking place from the rim of a hole 0.04 inch in diameter. 
This pointed rod was fitted to a brass tube and. was 
connected to a draft gage by means of rubber tubing. 
Fig. 7 shows curves of the results obtained with a con- 
stant spacing of 6 cm. between the point and plate. 
The curves marked ‘‘Girvin”’ are those obtained with 
the 50,000-volt generator previously described. The 
other two curves were obtained by using a mechanical 
rectifier. It will be noted that in all cases, the suction 
created about the point is several times greater when 
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the point is positive than when it is negative. . From 
some further calculations and curves: which are shown 
in Fig. 8, it seems that the suction’ established around 
the positive point follows:a quadratic law so that the 
square root of the suction-is proportional to the voltage. 
The suction created by the negative point, however, 
apparently does not follow the same law. From these 
results one might be led to conclude that this difference 
in windage may have something to do with the differ- 
ence in the arcing voltage, but this does not seem to be 
the case for with the air blast rectifier, an artificial 
draft about the negative point does not lower its arcing 
voltage, but, in fact, slightly increases it. 


POWER CONSUMPTION 

The power consumption of a precipitator, having 
clean electrodes and ordinary air as the dielectric 
medium, appears to follow the laws of dielectric 
phenomena discussed by F. W. Peek, Jr., in his “Di- 
electric Phenomena in High-Voltage Engineering.” 
On the other hand, the power consumption in a nor- 
mally operating precipitator having the electrodes 
covered with deposits of fume or dust, and having 
furnace gases as the dielectric, is influenced by a number 
of factors which have not as yet been fully investigated. 

Gases arising from combustion or other chemical 
reactions may be highly ionized, and the current flow 
will consequently be increased unless means are em- 
ployed to remove the ions before the gases reach the 
precipitator. Then, too, the temperatures of the gases 
may be as high as 600 deg. cent., and this in itself may 
cause variations over and above those which would be 
expected from the corresponding reduction in the gas 
density. The nature of the deposits on the electrodes 
has a distinct bearing upon the power consumption 
of the precipitator. Thus there may be deposits on the 
collecting electrode which act as insulating coverings, 
and therefore simply act to reduce the gradient at 
the discharge electrode, and consequently also reduce 
the current flow. Likewise when the discharge elec- 
trode becomes partly covered with such a deposit, 
the current flow is reduced, although in this case the 
reduction is brought about by a decrease in the effec- 
tive length of the discharge electrode. 

Furthermore, deposits may form on the collecting 
electrode constituting discontinuous dielectrics, which 
may so greatly modify and increase the ordinary poten- 
tial gradient near the surface of this electrode as to 
cause ionization to set in at this electrode also. An 
effect is thus produced which so far as power consump- 
tion is concerned, is equivalent to an increase in the 
length of the discharge electrode. 

Although few data have been accumulated on the 
quantitative effect of such deposits on the power con- 
sumption, the effects of such deposits on the arcing 
voltage and on precipitation have been discussed in 
the literature! on the subject. 


1. E.R. Woleott, Physical Review, N. S. Vol. XII, No. 4, 
October, 1918, and E. Anderson,’ Chemical and es i 
Engineering, Vol. XXVI, No. 4, January 25, ‘1922. 
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The following table will serve to show how much 
deposits may modify the ordinary operating conditions. 
This table was made up from data obtained by E. R. 
Wolcott and the writer, and shows the effect of such 
deposits on the arcing voltage between a point and a 
plate, six centimeters apart: 


Arcing voltage ° 


Material on plate kv. peak 


point negative 


Sulphur 


Filter paper ss <2 36 sic vacate eeene i: 4 
Writing paper....J..:6.5..0: Socket ; g 4 
Writing paper crumpled............. 
Edge of glass plate: 23. S2c. Gece. «ote 
Asbestos»: ':taxt: 33 aevtr Sy Te seiner 
Plate cleans. s0. i,t seeyeesteneae Sr pkearnee e : 


positive 


From this table it is seen that the greatest effect 
produced by any of the materials is not as pronounced 
as that caused by reversing the polarity of the point. 


Fig. 9—Corona osune Arounp Hore tN Mica SuEet 
PLACED UPON PosITIVE PLATE 


Apparently a minimum arcing voltage is reached with 
the point positive, and the effect of deposits on the 
plate under a negative point is to lower the arcing 
voltage to'a value which approaches that when the 
point is positive. So far as is known, no material has 
been found which reduces the arcing voltage with the 
point negative to a value as low as that which applies 
when the point is positive. On the other hand, no 
materials have been found which lower the arcing 
voltage when the point:is positive. ‘In fact, it has been 
shown that a point may be substituted for the plate 
when the plate is negative without sees! the areing 
voltage. 

‘The effect of a discontinuous dilicksieni is illustrated 
in Fig. 9, which is from a photograph of the corona 
formed at the positive plate, by a thin sheet of mica 
having a small hole. Naturally, the current flow and 
power consumption must be tremendously affected by 
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conditions such as these, and the problem of obtaining 
consistent data from different installations is very 
difficult. 

However, there are installations where the above 
mentioned disturbing influences area minimum. Data 
from such installations indicate that Peek’s fundamen- 
tal equation for corona loss does apply, at least ap- 
proximately. This equation is: . 

P = C* (e— @&)? 

For the purposes of precipitation calculations, let 
P = power required in watts 
e = voltage impressed on treater in kilovolts peak 
é) = -the critical disruptive voltage in kilovolts peak 
C =a factor representing the slope of a line resulting 

from plotting ./ P against e 

The following are representative tabulations of the 
power data obtained when 112 pipes 8 inches internal 
diameter by 13 feet 0 inches long were energized at 
various voltages. While the pipes used in these tests 
were of wood, they possessed good conducting qualities 
since the material collected was a mist of salt solution, 
and the pipes were, therefore, moist and impregnated 
with salt: 
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The columns headed “Losses” represent the losses 
between the input to the transformer and the input to 
the precipitator. These losses were established in the 
same manner that is used to determine iron and copper 
losses in transformers, 7. e., by establishing one curve 
of losses when the precipitator is disconnected with 
various voltages impressed on the transformer, recti- 
fier and high-tension lines, and another such curve for 
the I? R losses when the precipitator line is grounded, 
and the transformer current varied. With these losses 
established for the particular electrical equipment used, 
it is possible then to calculate the net power input to the 
precipitator from the instrument readings in the low- 
tension circuit. This is given in the column headed 
“Watts net to treater.’”’ Under the general heading 
“Sq. rt. watts,” the heading “H. T.” is the square root 
of the power in watts as calculated from the high-ten- 
sion current (““M. A.’”’) and the r. m. s. kilovolts. 
The heading “L. T. Gross’ is the square root of the 
generator output in watts. The heading “‘L. T. Net’’ 
refers to the square root of the ‘‘Watts net to treater.’ 
The first table gives the values obtained when the pipes 
contained still air at 70 deg. fahr. The second table 


TABLE 1—POWER DATA 
112 Pipes 8 inches internal diam. by 13 ft. 0 in. 
With Still Air at 70 deg. fahr. 


(See Figs. 10 and 11.) 


High Tension Low Tension Sq. Rt. Watts 
Peak R. M.S Losses Watts Net jens I i rps bi 
Kv Kv. M.A Watts Volts Amperes Watts Watts to treater Her Gross Net 
13 10.8 2.2 o 24 80 0.0 200 275 0 4.9 14.1 0.0 
14 12:8 5.6 72 100 0.0 334 320 14 8.48 18.2 Said 
17 14.3 8.0 114 110 0.0 434 3848 96 10.68 20.8 9.8 
19 15.3 14.0 214 120 2.0 667 428 239 14.62 25.8 15.4 
20 15.8 17.5 276 130 8.0 900 630 270 16.60 30.0 16.4 
22 16.8 21.0 353 140 13.0 1134 818 316 18.78 33.7 17.8 
24 17.8 28.0 498 150 19.0 1467 1060 407 22.30 38.3 20.3 
26 20.2 56.3 1137 160 27.5 2667 1442 ~ 1225 33.70 51.6 35.0 
31 22.2 77.0 2150 170 46.0 4834 2455 2379 46.40 69.5 48.8 
34 23 ie: 113.6 2669 180 54.0 6000 3043 2957 51.80 77.4 54.4 
35 24.2 137.4 3320 190 62.5 7234 3765 3469 57.60 85.0 58.9 
38 26.2 166.0 4350 197 74.0 8667 4852 3815 65.90 93.1 GR7. 
32 23:7 123.0 2870 180 51.5 5500 2863 2637 53 .60 74.2 51.3 
28 21.2 80.0 1695 160 36.0 3667 1842 1825 41.15 60.5 42.7 
16 13.3 11.6 154 110 0.0 434. 348 96 12.40 20.8 9.8 
19 14.8 15.0 222 120 2.0 667 428 239 14,90 25.8 15.4 
22 16.8 23.3 “392 140 12.0 1000 783 217 19.80 31.6 14.7 
26 22.2 76.7 1702 160 36.0 3734 1842 1892 41.25 61.1 43.4 
TABLE 2—POWER DATA 
112 Pipes 8 inches internal diam. by 13 ft. 0 in. 
With gas at 170 deg. fahr. and 9 feet/sec. vel. 
. (See Figs. 10 and 11.) 
High Tension Low Tension a. + aa Sq. Rt. Watts 
Peak R. M.S Losses Watts Net Deeds DAP: 
Kv. Kv. M.A Watts Volts Amperes Watts Watts to treater Bee Gross Net 
51 39.5 146 5770 216 64 9667 4082 5582 76.0 98.3 74.7 
47 36.0 128 4610 205 ~ 58 - 8170 3480 4690 67.8 89.8 68.5 
41 31.6 130 4110 200 57 7667 3370 4297 64.1 87.6 65.5 
38 30.1 106 3210 190 48 6000 2685 3315 56.6 77.4 51.6 
32 24.6 36 900 70) 20 1900 1195 705° 30.0 43.6 26.6 
30. 23.7 28 , 664 160 15 1367 972 395 25.7 36.9 19.9 
28 23.0 21 483 150 10 1067 760 307 21.9 32.6 WZ 
26 22.2 16°“? 355 140 5 734 573 * 161 18.8 27.1 2c 
22 19.7 8 176 120 0 334 378 | 0 0.0 18.2 A URY 
26 22.2 19 422 140 5 834 573 261 201.5 28.9 16.2 
30 24.2 28 678 160 16 1434 » 997 437 26.0 37.8 20.9 
36 27.1 *92° 2490 180 43 §134 _ 2363 2771 49.9 F116 52.6 
39 29.1 124 — 3610 190 56 6867 3235 3632 60.0 82.8 60.2 
Al 30.6 152 4650 200 67 8667 4240 - 4427 68.2 PPOs. L 66.5 


314 


gives the values obtained when the treater was opera- 
ting on a mist-laden gas at the temperatures and velocity 
indicated. 

Fig. 10 shows two lines plotted from the above data, 
one for air and one for mist-laden gas. In this case 
the square root of the generator output (input to trans- 
former) in watts (column marked “‘L. T. Gross’) is 
plotted against the voltage impressed on the precipita- 
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tor in kilovolts peak. It is possible to use the generator 
output in this way as well as the net input to the treater, 
because the losses are principally made up of I? R 
losses in the transformer and at the rectifier. At least 
the evidence of the curves indicates that there is little 
error introduced by so doing. The peak voltage has 
been used instead of ther. m. s. because of the compara- 
tive ease of obtaining readings in terms of peak voltage. 
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From an inspection of these curves, the differences in the 
values of é, and of C, the slope of the lines will be noted. 
It will also be seen that the power for the “air” curve 
is greater than for the “gas” curve, up to a voltage of 
approximately 50 kv., where the curves intersect. 
Fig. 11 shows similar curves plotted against the 
square root of the net power input to the treater. The 
values of the power as obtained from the low-tension 
readings are seen to be in fair agreement with those 
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obtained directly from the high-tension instruments. 
These curves also show the same relative values of é) 
and C as in Fig. 10. 

It is, of course, impossible to draw any general con- 
clusions from the data here presented, except that it 
appears the power consumption does follow the quad- 
ratic law given by Peek, and that this law is applicable 
to electrical precipitation. However, it should be said 
that certain experimental data indicate that the fume 
or dust carried in suspension in the gases may affect 
the electric discharge and may decrease the power 
consumption. From the increase in the value of 
é) for “‘gas’’ over that for “‘air,”’ shown in the curves, it 
might further be concluded that fume also may cause a 
considerable increase in the corona starting voltage. 

The foregoing data and discussion show that Peek’s 
expression for corona loss may be used as a means of 
interpreting electrical precipitation power data. 


SUMMARY 


1. Power is supplied to precipitation plants by two 
systems, viz., the synchronous motor system and the 
motor-generator system. 

2. The high-tension unidirectional current employed 
is obtained by rectifying the current from the high 
tension of a single-phase transformer. 

3. Various types of rectifiers have been employed, 
including the kenotron, the air blast rectifier and the 
mechanical rectifier, the latter having so far given the 
most all around satisfaction. 

4. Direct current at*high potential has, so far, not 
shown any inherent advantage over the pulsating uni- 
directional current obtained from the mechanical 
rectifier. 

5. The arcing voltage between a point and plate, 
which is analogous to a precipitator, is determined by 
the polarity of the point. At spacings in the neighbor- 
hood of 5 em. between the point and plate, the arcing 
voltage for the point negative is roughly double the 
arcing voltage with the point positive. 

6. At the same impressed voltage, the negative 
polarity is more effective in precipitation than the. 
positive. Consequently the discharge system of a 
precipitator is maintained at a negative potential 
with respect to the collecting members. 

7. The amount of windage or draft created about a 
discharging point in the ‘‘point to plate” arrangement 
is also determined by the polarity of the point. 

8. Certain materials when placed on a plate under 
a negative point in the “point to plate’ arrangement 
possess the ability to lower the arcing voltage to a value 
nearly equal to that caused by reversing the polarity 
of the point. 

9. Peek’s fundamental equation for corona loss 
apparently may be used to express the power consump- 
tion of precipitators. 


Discussion 
For discussion of this paper see page 826. 
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Review of the Subject.—The fundamental principles of the 
process in its simplest form are set forth. It is shown why the 
Cottrell process during recent years has in a large measure sup- 
planted the bag-house and dust chamber in treating smelter gases. 

The commonly accepted theory concerning the manner in which 
the dust particles is charged and precipitated is given. It is 
pointed out that the thing most important to the operating man is 
how the particles may be enabled to give up their charge to the elec- 
trodes under all conditions, rather than the manner in which they 
receive it. 

The various types of treaters in common use are described and 
discussed. The advantages of straight line treaters over those in 
which the gases are by-passed are emphasized. 

It is shown that the gas is ionized much more efficiently for a 
given power consumption and the construction simplified and 
reduced by arranging the electrodes in the flue so that their electric 
fields are in series with each other. Itis shown that this is accom- 
plished by causing the gas to flow parallel to the electrostatic lines 
instead of at right angles to them, as in all other types. 

The factors of lead and copper metallurgy are given which control 
the amount of sulphuric acid and water vapor in the gases. It is 
also pointed out that these things are a measure of the successful 
operation when treating smelter gases. 

The physical rather than the chemical structure of the dust in 
suspension is shown to be the all-important matter. Several 
theories are given as to why flue dust is so much easier precipitated 
than fume. A number of photo-micrographs are given to illustrate 
the difference in physical structure between fume and dust. 

Two methods are featured of obtaining sufficient conductivity 
in a dry precipitated coating to permit the electric charge to leak 
through it to the electrode. The theory of selective absorption is 
advanced as an explanation of how aqueous vapor added to the gas 
stream functions in this respect. The method of adding very finely 
atomized sulphuric acid is shown to be the most practical, it not 


having certain disadvantages of the water and its higher boiling 
potnt permitting a wider field of application. Its action is shown 
to be due to the fine acid particles being precipitated with the dust 
particles thereby imparting conductive film to the particles by diffu- 
sion. 

The amount of free sulphuric acid in grams per 1000 cu. ft. of 
gas which permits a good precipitation on gas without conditioning 
ts given from tests made on a large installation. 

The theory of back ionization and phenomena of discontinuous 
dielectric are discussed. 

Electrical matters are shown to be secondary to treater design and 
to the conditioning gas. All that can be expected of electrical equip- 
ment ts to stress the space between electrodes to the economical limit. 
Local conditions must govern choice of electrical equipment. 

The tendency to regard electrical phenomena, such as surging 
which as a rule accompanies poor precipitation as causes rather 
than effects, is cited. Effects of conditioning gas in reducing 
surges ts shown. 

Internal reactance in transformer best suited to precipitation 
work is discussed, also possibility of exceeding the practical limit 
and wasting power on treatable gas by carrying voltage up to the 
point of disruption; necessity of knowing electrical values in the 
treater, and these are best obtained with milliammeter and elec- 
trostatic voltmeter; finally, the subject of proportioning the plant 
investment between electrical equipment and treater is covered. 
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INTRODUCTION 


N presenting this paper on the application of this 
process to smelter gases it is with the view of 
lending practical assistance to the engineer en- 

gaged in the smelting industry and furnishing useful 
information to others interested in the process. 

The subject will be covered from the viewpoint of 
the engineer whose watchword must always be “return 
on the investment” rather than that of the physicist. 
However, consideration will be given to such theoretical 
matters as seem to have a practical bearing. 

For the information of those not familiar with the 
metallurgy of copper and lead a short review will 
be made of that portion of the subject affecting the 
adaptation of the Cottrel process. 

The present scope and diversified applications of the 
process preclude a complete discussion in this paper, but 
the general principles are sufficiently covered to insure 
an understanding of their application to smelter gases. 
The essentials are stressed and the non-essentials pointed 
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out. Among the things featured are economy of treater 
design and methods of treating gases carrying solids 
difficult to precipitate, the solution of which will mate- 
rially extend the scope of the process in the metallur- 
gical field. 


DESCRIPTION 


The process which the genius and foresightedness 
of Dr. F. G. Cottrell gave to the world in 1908, out of 
what had been previously considered an interesting 
phenomenon, is essentially as follows: 

A gas, or air stream, carrying solids or liquids in 
suspension, is subjected to the influence of a strong 
electric field produced by unidirectional current 
of high potential for the purpose of charging these 
particles and throwing them out of the gas stream. 
The gas is passed through the space between suitable 
electrodes and this space is made part of a high-poten- 
tial circuit by placing it in series with the high-potential 
winding of a step-up transformer. Rectification is 
accomplished by a revolving switch, driven in syn- 
chronism, in series with the electrodes and high-poten- 
tial winding of the transformer. The current is pul- 
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sating in character, but this is only incidental as the 
same results of precipitation may be produced by any 
source of high potential direct current. 

The electrodes are usually referred to as ‘‘passive”’ 
and “active’’ since only the cathode serves as a charging 
electrode. This is effected by making it of relatively 
small surface compared with the anode so as to make.a 
steep potential gradient near its surface. The passive 
electrode with its relatively large surface serves as the 
principle collecting electrode because most of the dust 
is driven to it. For purposes of. safety the anode 
is made the grounded side of the system. 

A few words as to the commonly accepted theoretical 
conception concerning the manner in which the dust 
particle is charged and precipitated: This is accom- 
plished through the ionization of the gas which carries 
the particles in suspension. It is assumed that the 
negative ion or electron is the ionizing agent and that 
the velocity of the electron stream is sufficient to 
ionize the gas mo’ecules by collision in a relatively 
small zone near the discharge electrode where the po- 
tential gradient is steepest. This stream of electrons 
in making its way toward the opposite electrode ‘is 
assumed to charge the minute dust particles in passing 
by contacting or attaching to the particles. The 
latter having acquired a negative charge, and being in 
a strong electrostatic field, are attracted by the posi- 
tive pole and hurled against it with considerable force, 
where they give up their negative charge to this elec- 
trode and cling to it by adhesion. 

There are many iinteresting speculations, such as 
the possibility of some of the particles being charged 
by electrostatic induction; the effect of the electric 
wind caused by the electron stream, in aiding precipi- 
tation, and the indication and that some of the particles 
must be charged positively on account of the deposit 
which is always found on the discharge electrode; but 
these things are beyond the scope of the paper. 

We need not be concerned with the phenomena of 
just how the particle is charged, but we are with how 
it may be enabled to give up its charge to the electrodes 
under all conditions. The inability of the charge to 
penetrate the insulating coat of dry precipitated fume 
causes precipitation to cease just as an insulating 
diaphragm does when placed between the anode and 
the cathode in an electrolytic eell. The problem in 
metallurgical work is to overcome this difficulty. 


APPLICATION OF THE PROCESS TO SMELTING 


In its application to the smelting industry the pro- 
cess differs from other applications in several ways, 
but especially in the matter of size. Installations 
are as a rule, based on treating from 100,000 to 1,000,000 
cu. ft. per minute. Other installations treating 25,000 
cu. ft. per minute, such as at brass foundries and 
detinning plants, are considered a good size. Another 
important difference is the varying conductivity of 
smelter gas as compared with other gases. The matter 
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so precipitated varies from a dry basic fume or dust to 
one containing enough dilute sulphuric acid to make it 
difficult to remove the deposit from the electrodes. 
Electric precipitation was used primarily for the 
purpose of abating a nuisance by preventing solids 
from the smelter stacks being carried to the surrounding 
fields. A greater usefulness was soon found for it in 
recovering these solids for the values therein. 
Twenty-five years ago in the copper smelting indus- 
try comparatively little attention was paid to recovering 
the solids driven off with the gases from the furnaces. 


The first attempt was made by building longer flue 


chambers to recover what might be settled out by 
gravitation and by adherence to the walls. As the 
industry increased more attention was paid to the 
very considerable dust losses and these flues were 
widened considerably for a length of 100 ft. or more 
to reduce the gas velocity, thereby causing consider- 
able of the heavier suspended solids to drop out. Dur- 
ing this time, and in fact prior to it, the system of 
filtering the gas through woolen bags for the purpose of 
reclaiming these solids, was in use in lead smelting. 
This method could not be applied very well to copper 
smelting due to the fact that the gases were much hotter 
and usually carried considerable sulphuric acid, these 
conditions contributing to the rapid deterioration of 
the bags. At one copper smelter, however, a bag-house 
was successfully operated by causing the heat from 
the gases to radiate from a long series of iron pipes, all 
the free acid being neutralized before reaching the bags 
by the large amount of zine oxide present. 

The principal disadvantages of bag-houses are the 
high first cost, together with the maintenance cost of 
bag renewals, and the very considerable cost of power 
rquired for forcing the gases through the bags and for 
producing mechanical draft. 

While the long brick settling chambers were quite 
expensive, especially if equipped with hoppers, they 
constituted the only practical method of reclaiming the 
dust lost from copper smelters until the advent of 
the Cottrell process. Even then it was for a long time 
considered only an adjunct to the settling chamber. 
Until recently many of those best informed considered 
that the process was applicable exclusively to the field 
where the gases carried enough sulphuric acid, due to 
the sulphur in the charge, to render them conductive, 
and that all dry gases could be treated only by the 
bag-house. As will be shown later, the process is 
now being extended to dry gases also, by means of 
conditioning such gases. 

Although quite expensive when constructed of steel 
pipes with hoppers and header flues, the Cottrell plant 
proved to be a very good investment on account of 
the large amount of solids recovered which would not 
settle out by gravity. One serious drawback to this 
type of treater, which limited its application, was the 
inevitable loss of draft, partly due to cooling the gases 
in passing through these pipes but principally due to 
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the loss in velocity head in passing the gas around so 
many extra right-angle bends. 

Due to recent improvements in treater design 
smelter construction has been revolutionized by the 
Cottrell process. Almost any kind of gas: can now 
be treated and long settling chambers are no longer 
necessary. The chimney may be erected compara- 
tively close to the furnaces and connected with them 
by a short length of chamber, equipped with electrodes 
which recover all that the long chambers formerly 
caught plus the larger amount which passed them. 
This can‘be done with practically no loss in draft. 


TREATER DESIGN 


The original treater consisted of a tank through which 
the gas was passed horizontally. The positive elec- 
trodes consisted of narrow lead plates placed vertically 
and edgewise to the gas current. Adjacent rows were 
staggered with reference to each other. Midway be- 
tween each pair of plates and insulated from them were 
hung the negative discharge electrodes, which consisted 
of lead rods to which were clamped strips of micanite 
with saw-tooth edges. Later iron was used for both 
sets of e’ectrodes where the gas to be treated carried 
little acid. 


The pipe treater was developed in 1911 and has been 
used extensively since. In this treater the gas is by- 
passed from the main flue through vertical iron pipes 
from 10 to 15 ft. long and then returned to the flue where 
it passes on out the chimney. Iron wires of about No. 
14 gage, supported by an insulated frame, are stretched 
through the axis of these pipes and serve as negative or 
discharge electrodes. Most of the dust is precipi- 
tated on the inner surface of the pipes and is shaken 
from them nto the hopper below by rapping the pipes 
after the flow of gas through them has been interrupted. 

Somewhat similar to this in principal ‘is the box 
treater, in which the pipes were replaced by vertical 
corrugated iron walls horizontal to the gas flow. Ver- 
tical chains or wires were suspended between these 
walls and were insulated in a similar manner as in the 
pipe treater. 


The idea of using. the corrugated iron walls was 
later used to better advantage by causing the gas to 
flow between them horizontally instead of vertically. 
This permitted installing them in a settling chamber 
already erected, and being a straight-line treater, the 
walls could be carried any desired length, whereas in 
the box treater the height of the walls was limited for 
structural reasons. In this installation the discharge 
electrodes consisted of 3-in. iron pipes suspended 
parallel to the gas flow midway between the walls. 
Such a large surface does not permit steep enough po- 
tential gradient for the efficient ionization of the gas. 

A short time previous to the development of the 
straight-line treater just discussed another type of 
straight-line treater was developed, which is known as 
the “screen treater.” The object desired in this 
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treater is to apply the principal of ionizing the gas in 
the most efficient manner and thereby reduce the power 
consumed, which is the principal fixed cost of a large 
plant. Probably more important than this to the 
plant manager is the very considerable reduction in 
first cost on account of the fact that chambers already 
in existence can be utilized and that in its construction a 
minimum of material and labor are required. Since 
these things have been accomplished so successfully 
on a large scale both in this type and in its successor 
known as the “wire treater,’’ which is really a simpli- 
fied screen treater, it seems worthy of some discussion 
from theoretical and practical standpoints. 

In the pipe treater and various kinds of plate treaters, 
it is evident that the potential gradient is steep enough 
to ionize the gas only in a comparatively small area 
near the surface of the discharge electrode permitting 
a path of relatively large area near the walls of the 
pipe or plates through which the gas can flow in a 
straight line in a very weak electric field. In one large 
pipe treater installation in order to obviate this diffi- 
culty and get as high a degree of cleaning of the gas as 
possible, the gas was passed through three separate 
plants in series, the mixing action in passing from one 
plant to the other serving to give all the gas a better 
chance of being ionized. It was not practicable to 
increase the length of the pipes in one plant sufficiently 
to accomplish the same result on account of the ampli- 
tude of the swing of the discharge wires in the pipes 
becoming too great, due to the corona discharge. 
While this arrangement proved successful it was quite 
expensive from operating and first cost standpoints. 
It is quite evident that the same result as obtained 
with treaters in series can be obtained by putting 
vertically hung electrodes in series in the same chamber 
and having the gas flow parallel to the electrostatic 
discharge instead of at right angles to it as it does in all 
other types. In order to accomplish this in the best 
manner the gas must flow through the planes of the 
passive electrode instead of between them, which is 
only possible if the passive electrode is in the nature of 
a screen. Accordingly the treater was constructed by 
placing a series of parallel screens across a chamber. 
The discharge electrode consisted of vertical wires 
supported by an insulated. structure and stretched 
between the pairs of screens. It is evident that. these 
pairs of screens with their discharge wires function as 
treaters in series. Since the wires in each row are stag- 
gered with reference to the other rows, no single gas 
molecule can find its way through even a short series 
of these screens without passing close to a discharge 
wire and through a field sufficiently intense for its 
ionization. The reason for the relatively small cost of 
such an arrangement is obvious and requires no dis- 
cussion. As to its economy of power used, this may 
be better understood by comparing a screen treater 
with any other type, say a pipe treater, each having 
its electrode surfaces proportioned so that the same 


818 


watts will be consumed in the two treaters, discharging 
in air. With the same volume of gas flowing through 
each, but an excess over the current amount, it is 
evident that the screen treater will precipitate the 
most dust on account of the more efficient ionizing 
of the gas for the power expended; therefore there are 
less watts consumed per unit weight of dust recovered. 
Having a minimum amount of surface exposed where 
radiation can take place, the temperature of the gas 
is conserved, and having no extra bends, the drop in 
draft is reduced to a minimum. The drop in draft 
across such a treater, cleaning gas at a 10-ft.-per-sec. 
velocity, rarely exceeds 0.1 inch of water and in no 
case has the precipitate on the screens interfered with 
operation, regardless of the sticky condition produced 
by acid. Draft is all important to the smelting man 
who finds more often than not, that a reduced draft 
means less ore tonnage smelted. Minimum draft loss 
is one of the features of this wire treater. Another im- 
portant advantage is that there are no insulators ex- 
posed to the gas with the inevitable current leakage 
over their surfaces. The insulated structure is sus- 
pended at the four corners by members passing through 
holes in the cover plate. These holes are sealed by 
insulating lime seals in which crushed burnt lime, which 
has a high dielectric constant, acts so as to neutralize 
any acid which may condense on it and at the same 
time preserve a high dielectric strength. A feature 
worth noting is the fact that in this type of treater the 
gas stream always carries any dust that may be blown off 
toward a collecting electrode. Another advantage is 
the ease of shaking dust from a small or broken surface 
as compared to a solid surface. 

The wire treater embodies all of the advantages of 
the screen treater plus the very distinct one of a 
greatly simplified construction with a much reduced 
first cost. In effect it amounts to electrifying a small 
portion of the wires formerly hung in a dust chamber 
for the purpose of knocking down the small amount 
of dust which might adhere to them mechanically. 
As in the screen treater, the length of the treater can 
be increased at will to obtain any desired degree of 
cleaning. The amount of dust caught over the length 
of the treater varies in the form of a logarithmic curve, 
half of the total being caught in a relatively short length 
making a very high return on the first portion of the 
investment. From this it is obvious that a large part 
of the solids in a gas can be recovered by installing 
a relatively short section of the treater, the length 
depending on the degree of clearance desired. In 
practise it has been found that a treater length of 20 
ft. having an active or ionizing length of 10 ft. is suffi- 
cient to precipitate practically all the solids from gases 
flowing at the rate of from 10 to 12 ft. per second. 


METALLURGICAL CONSIDERATIONS 


In reference to the metallurgy of copper and lead, 
this paper is concerned principally with the conditions 
affecting the amount of water vapor and sulphuric 
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acid in the gases from the various metallurgical units, 
and with the nature of the solids which the gases carry. 
It is on these things that the successful operation of 
the Cottrell plant depends. 

As a rule these metals exist in their ores combined 
with sulphur, although there are some large oxide 
deposits. Before these ores can be smelted it is nec- 
essary to roast off a large amount of this sulphur. This 
is usually accomplished by multiple hearth roasters 
in which the ore is fed at the top hearth and is passed 
down through the succeeding hearths, being stirred or 
rabbled in transit. The sulphur in the ore usually 
furnishes the heat for its own roasting, although aux- . 
iliary heat is sometimes supplied. The gases from such 
roasters used for driving off excess sulphur contain 
more sulphuric acid than the gases from any other 
metallurgical unit. This acid is caused by the large 
amount of sulphur dioxide driven off and the fact 
that in passing up through the various hearths it has 
considerable contact with whatever catalysts may be 
present, such as iron oxide. The sulphur trioxide 
thus formed unites with the water vapor present in 
the gas and makes sulphuric acid. 

There is another type of roaster in common use. It 
is a straight line roaster in which the fine ore is placed 
in thin beds on pallets which are drawn slowly through 
a short fire-box, this action serving to expel a large 
amount of the sulphur and at the same time to sinter 
or agglomerate the charge. The gas from this roaster 
contains very little acid on account of the short time of 
contact of the gas with the material at the proper 
temperature as it passes through the thin bed on the 
pallet. About the only thing contributing to making 
this gas treatable is the fact that in order to be agglom- 
erated the charge must contain considerable water, 
often as much as 10 per cent. This water then fur- 
nishes enough conductivity to afford precipitation if 
the temperature is low enough to permit sufficient 
relative humidity to obtain. 


In the case of copper, the roasted material, now 
known as “calcines’’, is then dumped into a large rever- 
beratory furnace heated with powdered coal or oil. 
This type of furnace is quite similar to an open-hearth 
furnace,the gases leaving it being extremely hot. A 
large part of the sulphur remaining in the charge unites 
with the iron and copper in about equal parts to form a 
physical mixture known as “‘matte.’”’ This is separated 
from the slag by settling. The gas from this furnace 
contains very little SO. from which conversion to acid 
is obtained by coming into contact with whatever 
catalizer may be present on the side walls. In addition, 
the gas is very hot and there is practically no water 
in the charge, it being driven off by the roasting. 
These conditions make it an exceedingly difficult gas 
to treat. ; 

Sometimes blast furnaces are used instead of rever- 
beratory furnaces. This is often the case if the ore 
is in large lumps. The same disadvantages apply to 
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treating these gases with the added disadvantage of a 
wide temperature variation. This temperature varia- 
tion depends largely on whether the furnaces happen 
to be operating with a cold or a hot top. 

From the furnace the matte is poured into a con- 
verter, which is a relatively small cylindrical furnace, 
and is rotated on trunions for skimming off the slag. 
Air is forced in at the bottom and, passing up through 
the bath, oxidizes the sulphur combined with iron first, 
on account of the higher affinity of oxygen for such 
sulphur. Slag is produced by adding silica, and as it 
rises to the top is skimmed off periodically until only 
the combined sulphur and copper, known as “white 
metal’ remains. During this slagging period very 
little acid is made which is available in the treater, 
and what acid is formed in the gases reacts with the 
oxides present, and the sulphates formed are not pre- 
cipitated more readily than the oxides or sulphides of 
the original charge. The gas from a converter in the 
slagging stage is perhaps the most difficult of all to treat, 
as it contains no acid and practically all of the sus- 
pended solids are present in the form of fume, that is, 
material which has been condensed from a volatile 
state. During the second stage of converting, con- 
siderable acid is made due to the oxidizing of the sul- 
phur, and conditions are favorable for good precipitation 
If there are several converters operating it is well to 
have their stages arranged so as to have at least one 
of them on the finishing stage all the time. 

While the discussion has been confined principally 
to copper, the metallurgy of lead is so nearly similar 
that for our purpose little distinction need be made. 
It should be pointed out, however, that in lead smelt- 
ing the reverberatory furnaces are not used, and that the 
lead is made without the use of converters it being 
smelted directly in the blast furnace where a reducing 
atmosphere is maintained. 

The suspended solids from these various metallur- 
gical units are sulphides, sulphates and oxides; however, 
the chemical nature of these solids does not seem to 
enter into the matter of their precipitation. Their 
physical nature is all important. It is a comparatively 
easy matter to precipitate flue dust, that is, material 
which has not been condensed from a volatile state. 
Frequently some of the material just as it is charged is 
present in the gas. This is especially true in the case 
of the multiple hearth roasters in which the constant 
stirring causes a considerable amount of the fine par- 
ticles of the charge to be carried out with the gas 
currents. The wide application of the flotation process 
has contributed greatly to this dust loss from the charge, 
on account of the exceeding fineness of the particles. 
In fact, if it were not for the Cottrell process the flota- 
tion process would not be as great a success as it is, 
because of these losses. — 

There are several theories as to why fume does not 
readily lend itself to precipitation. Of these theories 
the one usually advanced is that on account of the 
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exceedingly small mass of the particle it is not able to 
acquire enough electric charge, or enough momentum 
with the charge it does acquire, to cause it to lodge ona 
collecting electrode before it is swept by. This theory 
would seem to be disproved by the fact that these 
fume particles actually are charged and migrate to 
the electrode, but experience difficulty in giving up 
their charge to the electrode after the latter has become 
covered with a thin coating or film of such material. 
This is shown by the fact that if a practical method 
could be devised whereby this film is wiped from the 
electrodes every few minutes good operation would 
result. No method of shaking will remove this film 
sufficiently. 


Fig. 1—PHoTO-MICROGRAPH OF CONVERTER Fume MAGNIFIED 
APPROXIMATELY 560 DIAMETERS 
The darx grains are silhouettes of the particles. 


There has been some speculation as to the effect 
of the air occluded in the fume on the electrode. It is 
a fact that if the fume shaken from the electrodes is 
beaten or squeezed, enough air will be excluded to 
make the fume occupy a very much smaller volume 
than be‘ore. 

Another theory, which seems the most likely, is that 
the trouble is due almost entirely to the smooth amor- 
phous state of this coating on the electrodes making 
it very compact, whereas the flue dust is. of a porous 
nature having small interstices through which the 
charges may be forced. A good analogy of this is 
the insulating properties of various kinds of wood. It 
is known that pine is a relatively poor insulator for 
high voltages, whereas the same thickness of maple 
is exceedingly hard to puncture. The difference in 
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the dielectric strength of these two woods is probably 
due largely to the difference in porosity. A point 
lending color to this theory is the fact that if flue dust 
or other rather coarse material is mixed in with the 
gas and precipitated with the fume it improves the 
precipitation of the fume. 


Puoro-microararu or Roastur Fun Dusr Maent- 
rinp AprproximMaATeLy 560 DiAMprErRs 
The dark spots are silhouettes of the particles, 


Mra. 2 


The difference in physical structure between fume 
and flue dust is shown clearly by the photo-micrographs 
submitted. Figs. 1 and 2 show the particles silhouetted 
on glass mounts, consequently the dark spots are the 
grains. Fig. 1 shows the fume particles of high lead 
content from copper converters which must be con- 
ditioned previous to recovery in a Cottrell plant. Fig. 2 
shows fine flue dust recovered from roasters which lends 
itself to treatment very well without conditioning in 
spite of the fact that it has a very high dielectric 
strength. This dust without magnification appears to 
be a dark powder of fineness comparable to that of 
the fume but when thet.wo are magnified approximately 
560 diameters, as shown, each particle of flue dust 
is shown to be about 20 times larger than the fume 
particle. These flue dust particles are also shown to 
be irregular in form with rough edges from which an 
electric charge can readily leak and pass through the 
interstices of the coating to the electrode. These 
sharp edges are further indicated by the wavy lines 
which are pictures of minute spectra caused by fine 
edges, similar to diffraction gratings, or crystal clevage 
planes. The fume particles are seen to be almost 
spherical in form which fact would make the particle 
tend to hold its charge. 
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In Figs. 8, 4, and 5 are shown the compact surfaces 
of converter fume, roaster flue dust and blast furnace 
flue dust, just as they were taken from the treaters 
without any attempt to compress them.’ The com- 
pactness of the fume as shown by its enamel amorphous 
surface as compared with the granular porous structure 
of the flue dust is clearly seen. The sample of blast 
furnace flue dust was taken at a time of excellent pre- 
cipitation. Under high magnification it resembles a 
mass of coke. Fig. 6 is a photo-micrograph of chemi- 
cally pure zinc-oxide which is a true fume and is sub- 
mitted for purposes of comparison. . Its general struc- 
ture is seen to be quite similar to the converter fume. 
The areas photographed represent a magnifications of 
approximately 48 diameters. 

Laying aside theoretical considerations, the impor- 
tant point is a practical solution of the problem of 
conditioning gases and this will now be discussed. 


CONDITIONING THE GAS 


By far the most important consideration in the opera- 
tion of a plant is keeping the gas and the precipitated 
coat conductive. Conductivity is a relative term. 
What is considered a perfect insulator for ordinary 
voltages and currents may become an excellent con- 


Fig. 8—PxHoro-MICROGRAPH OF SURFACE OF CONVERTER FUME 
Maaniried APPROXIMATELY 43 DIAMETERS 


ductor where only extremely small currents and high 
voltages are involved. 

There are two ways in common use of supplying the 
necessary conductivity if it does not exist; the addi- 
tion of sufficient aqueous vapor to the gases, or the 
addition of very fine acid particles. While the results 
obtained i in each case are the same as regards furnishing 
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Fic. 4—PHOTO-MICROGRAPH OF SURFACE° OF RoasTER FLUE 
Dust Mageniripp. APPROXIMATELY 43 DIAMETERS 


conductivity for the charge, their methods of function- 
ing are somewhat different: 

The selective adsorption theory as an explanation 
of how relative humidity functions in furnishing con- 
ductivity was advanced by the writer in a discussion 
of a paper presented to the Institute of Mining and 


Fia: 5—PHoro-MICROGRAPH OF SuRFACE or Buast Moen hen 


Five Dust Magnirtep APPROXIMATELY 43 DIAMETERS 
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Metallurgical Engineers in 1919 by Mr. Eschholz on 
the subject of “Electrostatic Precipitation.” It was 
pointed out that the dry dust particle must take on a 
film of moisture, for aqueous vapor is known to be taken 
up by the surface of solids, and that these adsorbed 
surface films persist at temperatures far above the 
boiling point of water. The early work of Bunsen in 
trying to remove the last traces of moisture from pow- 
dered glass or the interior of glass tubes was cited. 

If the very slight surface adsorbed film is sufficient 
to conduct off the charge from the glass plates rendering 
an influence machine almost inoperative on a humid: 
day, it is not hard to understand why the film adsorbed 
by dry dust particles from air or gas of like humidity 
should be sufficient to conduct a charge through the 


Fig. 6—PHOTO-MICROGRAPH OF SURFACE OF CHEMICALLY PURE 
Zinc Ox1IDE SUBMITTED FOR COMPARISON 


coating to the plate, since the current per unit area is 
of about the same order as that in the case of the 
influence machine. As evidence of this 50 milliamperes 
is a good average current for a treater of 200 pipes six 
inches in diameter and 12 ft. long. This gives a current 
density of 0.0135 milliamperes per square foot of elec- 
trode area at the pipe. This is to show that aside from 
the fact that it is a physical impossibility to precipitate 
droplets of water from a gas below the point of satu- 
ration, it is unnecessary, for the aqueous vapor alone 
is sufficient to conduct off the charge. It has been 
claimed that the relative humidity itself did not func- 
tion in conducting away the charge but was only 
indicative of a condition whereby droplets of water 
could be precipitated. 

Increasing the relative humidity of the gas is ani 
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accomplished by spraying into the gas a considerable 
quantity of finely atomized water by the use of 
suitable sprays at very high water pressure. Since 
the relative humidity increases faster and faster with 
a given moisture content as the temperature is low- 
ered below the boiling point it follows that the water 
sprayed into the gas is more useful in raising the 
relative humidity due to its cooling effect than by 
virtue of the water added to the gas. 

From a curve showing percentage by weight of water 
in saturated air, it is seen that at 100 deg. the percen- 
tage of water is only 0.14 per cent. At 120 deg. it is 
1.07 per cent, rising with increasing rapidity so that 
at 150 deg. it is 6.84 per cent. 

It is interesting to note that in a large installation 
operating on roaster gases the cooling effect of the 
gases during winter weather is sufficient to raise the 
relative humidity of the gas to a good working point 
due to the water in the furnace charge, although the 
latter is not changed in percentage. 

As regards the limits for good operation, it was shown 
about five years ago that when the relative humidity 
of the gas was kept between 40 per cent and 70 per cent 
the precipitate would not be too dry or too wet for good 
work and all other connsiderations, such as temperature 
could be neglected since the temperature factor is 
reflected in the relative humidity. This reduced the 
field that could be covered by water treatment to 
comparatively cold gases only. Two serious objections 
to this method quickly developed. It was found that 
the water caused rapid deterioration of the flue system 
at the sprays, and the humid gases caused corrosion 
of the steel of the treater due to condensation at points 
exposed to the influence of the outside air. 
more important was the reduction of the effective 
draft.due to the cooling of the gases. This in several 
instances reduced the tonnage smelted. In spite of 
these difficulties this method is still used to a large 
extent. 

Mr. Wolcott! has offered some important theoretical 
considerations on this matter. In citing the well- 
known fact that the tendency to arc between a plate 
and a point is greater when the point is positive than 
when it is negative, he pointed out that experiments 
showed the arcing voltage was considerably lowered 
when the plate is covered by some insulating material. 
This he did by placing various substances on the plate 
capable of retaining a charge, such as a sheet of paper 
or mica. The arcing voltage was lowered still further 
by a hole in the sheet. A glow was seen to emanate 
from the edges of the hole. Roughening the surfaces 
had the same effect. Roaster dust containing a large 
amount of elemental sulphur; when it was sprinkled 
on the plate, acted in the same manner. In every case 
these effects disappear when the dielectric on the plate 
was dampened very slightly or when the atmosphere was 


- 1. “Effects of Dielectrics on Sparking Voltage,” by E. R. 
Wolcott, Physical Review, N. S. Vol. XII, No. 4, Oct. 1918. 
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quite humid. He accounts for this glow, which under 
some conditions can be seen in the dark on the passive 
electrode, by theory of back ionization, and to the phe- 
nomenon produced by discontinuous unlike dielectrics 
in series which in this case are the dust particles in 
the coat and air in the interstices between them. The 
charge, which is retained by these particles, is evidently 
sufficient to ionize the gas adjacent.to them. Since 
the sign of this charge is negative like that on the 
particles migrating to the passive electrode, the latter 
will be repelled, somewhat, by the dust already precipi- 
tated. 

It seems, however, that these phenomena are results 
of precipitation having ceased, and not the causes. 
It is evident that the moment the particles can no longer 
give up their charge it becomes equivalent to an open 
circuit. We may be concerned more with another 
result of this back ionization than we are with the 
lowering of the sparking voltage. The redistribution 
of the potential gradient, due to the ionization which 
starts somewhere in the interior of the coat near the 
surface of the electrode, unquestionably lowers the 
gradient at the discharge electrode by the amount 
gained. by the passive electrode. In this way it differs 
from the ideal distribution of the voltage, in which its 
gradient is as steep as possible near the surface of the 
discharge electrode, and quite flat at the passive. 
This is similar to a case cited by Dr. Whitehead in 
which he found that the corona glow at the wire almost 
disappeared when an intermediate concentric tube was 
inserted between it and the outer tube due to the accu- 
mulation of ions in the intermediate tube lowering the 
gradient at the wire.” 

The method of conditioning with sulphuric acid is 
much more important than conditioning with water 
since it extends the scope of the process to dry gases 
well above the boiling point of water without any 
material lowering of the temperature and draft. This 
is due to three of its properties; its relatively high 
boiling point; its power to absorb water from surround- 
ing gases at temperatures well above the boiling point 
of water; and to its rapid rate of diffusion over the 
surface of solids. 

Since it remains in a liquid form at ordinary gas 
temperatures it is evident that the phenomena of selec- 
tive surface adsorption does not occur as it doesin the 
case of the aqueous vapor. It is more likely that it 
furnishes its conductivity by being precipitated as minute 
acid droplets which are well disseminated through the 
precipitated coating and quickly spreads a film of acid 
over the surface of adjacent dust particles due to its 
high rate of diffusion. Probably it is for these reasons 
that it has been found absolutely necessary to get a 
high degree of atomization of the acid. 

There are several methods of introducing the sul- 
phuric acid into the gases. Of these probably the 

2. “Electric Strength of Air,” Whitehead and Brown, 
A. I. E. E. Transactions, Vol. 36,1917. 
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better is to fume it off by boiling the acid and intro- 
ducing the mist into the gases at some point in the 
flue system where it may become well mixed through 
the gases before reaching the treater. In one instance 
the intense heat of the copper converters was taken 
advantage of for the purpose of conditioning the gases, 
by introducing the acid at the hood of the converter 
by means of a spray. The intense heat atomizes the 
acid to the highest degree. The advantages of this 
fine dissemination of the acid probably more than 
offsets the disadvantage caused by cooling the gases from 
approximately 1000 deg. cent at the converter hood 
to 150 deg. cent. at the treater, resulting in considerable 
acid lost in forming sulphates since time is afforded for 
the reaction at suitable temperatures. 

Another method consists of breaking up the acid 
into a very fine mist by high pressure air sprays and 
introducing it at a point near the treater so that all 
of the acid may be available in a free state. One ad- 
vantage of this method is due to the fact that it per- 
mits dilution of the acid before mixing with the gas 
when required. Concentrated sulphuric acid is a 
very poor conductor of electricity. It becomes more 
highly dissociated and hence more conductive elec- 
trically as it approaches a concentration of 30 per cent. 
It is hard to precipitate a very dry mist, such as that 
fumed off by boiling, unless it has an opportunity of 
diluting itself by coming in contact with air containing 
appreciable moisture. In cases where there is prac- 
tically no moisture in the gas the acid introduced may 
all be made available in the treater by diluting it before 
spraying into the gases, at the same time furnishing 
a greater volume of liquid at a higher degree of con- 
ductivity with which to condition the particle. This 
result can not be obtained in boiling the dilute acid, 
for in this case the water is driven off first until the 
acid reaches a high concentration. 

Another method of conditioning which conserves 
the acid is known as “conditioning the electrodes.” 
Good precipitation may be secured from gases carry- 
ing a dry basic fume by spraying the interior of the 
pipe electrodes with a fine mist of sulphuric acid inter- 
mittently. The periods between applications vary 
from one to twenty-four hours, depending on the 
nature and amount of suspended solids. If there is 
present much zinc oxide or other material which will 
quickly take up the acid, more frequent applications 
are necessary. It seems that the acid sprayed on the 
walls of the pipe adheres to them absorbing water 
from the gases, spreading a conductive film over the 
solids as they are precipitated until the supply is 
exhausted. Better results are obtained when the 
inner pipe surface is almost imperceptibly dampened 
with the mist than when it is thoroughly wetted. 

Since the success of precipitation in smelter gases 
depends largely on the sulphuric acid content of the 
latter it may be interesting to note just what constitutes 
the right amount for good working conditions. Data 
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were taken over a considerable period of time to 
establish this during the operation of a plant securing 
good results without conditioning the gases. With 
an average gas volume entering the treater of 470,000 
cubic feet per minute at 184 deg. cent. of mixed con- 
verter, roaster and furnace gases, the precipitation 
over the period as noted visually varied from poor to 
excellent with the sulphuric acid content of the gases, 
and filtration tests showing that 67.7 per cent of the 
sods entering the plant over the entire period had 
been recovered. The average S O; entering the treater 
during this period was 4.9g. per 1000 cu. ft. of gas 
(standard conditions), which is equivalent to 6g. of 
H,SO, Leaving the treater, there were 3.1g. 
SO; or 4g. H.S Ou, showing that 33-per cent of the 
acid was precipitated. This gave a free acid content 
in the dust precipitated of around 1 per cent. <A good 
working rule is, that gas lends itself to treatment 
readily if it contains enough acid to give a free acid 
content in the dust recovered of from 1 per cent to 
5 per cent. With greater acidity the dust becomes 
sticky making it difficult to remove the precipitate. 
It also causes a high treater current and low treater 
voltage, which means high power consumption with 
poor precipitation. 


ELECTRICAL CONSIDERATIONS 


There was an early tendency to attribute the fre- 
quent fluctuations or erratic behavior of the plant to 
various electrical phenomena, especially when it was 
repeatedly seen to accompany poor precipitation. An 
example of this is when the dryness of the precipitate 
on the electrodes increases the electrostatic capacity 
of the treater sufficiently to cause a resonant condition 
which is manifest in sparking across the protective 
gap between the terminals of the high potential wind- 
ing of the transformer. This critical combination is 
possible since the capacity reactance of the treater is 
in series with the inductive reactance of the transformer 
during a portion of each cycle. That the low treater 
voltage that this necessitates in an effect and not a 
cause of the poor precipitation, is shown by the fact 
that. when the eectrical system is rebalanced by 
of the system 
so that the treater voltage can be forced up 
to its value for good work, poor clearing of 
the gases still continues. When the gases are humidi- 
fied sufficiently the surging condition disappears and 
good precipitation results, which continues fairly good 
when the voltage is lowered down to where it was with 
the resonant condition. The good precipitation was 
the result of conditioning the dust particle so that it 
could give up its charge rather than to reducing the 
surges. The effect of humidifying the gases in reducing 
the surges is shown quite clearly by the oscillograms in 
Fig. 7, where the transient in the high-potential 
wave at the point the contact is broken is seen when 
the gases were dry to be about three quarters the root- 
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mean-square value.. When they were humidified, this 
surge is seen to be greatly reduced. During: this test, 
only one half of each wave was utilized for purposes of 
safety to the. oscillograph. It is interesting to note 
in this connection that lowering the frequency. of the 
impulses in the treater one-half in this manner has no 
effect on precipitation except as it lowers the resulting 
treater potential, and this can be partly compensated 
for by raising the primary voltage a corresponding 
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amount. There are conditions where the power con- 
sumption can be cut almost in half in this manner with 
only a slight diminution in precipitation. As a rule 
though the values in the dust lost in this way more than 
offsets the cost of the extra power. 

Some of the early generators developed for precipita- 
tion work had rather a poor wave form, probably due 
to tooth ripples. These harmonics had a tendency to 


increase the effect of the surges and consequently this | 


small defect frequently came in for a good share of the 
blame for poor work. As a matter of fact, when the 
gas is in good condition for treatment no difference can 
be observed in the precipitation from what it is with a 
perfect sine wave. 

There has been considerable discussion as to the best 
transformer internal reactance. Off-hand one would 
say that a transformer of high internal reactance is 
best for the same reason that it is in electric furnace 
work, so that it can carry a short circuit, which fre- 
quently occurs in the treater, without injury. But this 
is not a real consideration since the revolving contact 
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of the rectifier does not permit a very large current to 
flow into the treater even on short circuit.. Standard 
power transformers have proved quite satisfactory. 
One reason for this seems to be that the greater the 
reactance the more the crest voltage of the wave will 
be lowered during the portion of the cycle that the 
rectifier.connects the transformer to the treater, 
making a steeper wave front at time of contact and 
increasing the surging effects. This lowering of the 
crest voltage is shown by the oscillogram of the primary 
voltage wave in Fig. 8. The writer has frequently 
found that the tendency to surge was reduced by con- 
necting to such a tap in the low-voltage winding as will 
give a maximum. number of turns. in series with a 


| corresponding increase in the impressed. voltage. 


It is now pretty well understood that the electrical 


| side of the process is of less importance than the treater 


and gas conditions. There is a saying among operating 
men ‘‘get the gas right and electrical troubles may be 
forgotten.”” That is the real problem. Electrical 
matters are relatively unimportant except as they effect 
the voltage and current of the treater. All that can be 
required of the electrical system is to stress up the space 
between electrodes to the economical limit, regardless 
of the source of the power, the number of electrical 
sets; or the type of electrical equipment comprising 
them. As to the current values, it is evident that 
with a given voltage impressed on the electrodes of a 
treater the current depends entirely on the conductivity 
of the space between electrodes and takes care of itself. 
At least there appears to be no method of varying it 
except to vary the conductivity of this space by chang- 
ing the nature of the gas. 

There has always been a good deal of uncertainty 
among engineers: regarding the correct number of 
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electrical sets to use for a given treater installation, or, 
putting it another way, the best proportioning of the 
investment. There has been a tendency to follow 
the lead of some other plant without determining if 
that proportion was best suited for their particular 
conditions. 
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Since the main function of the electrical equipment is 
to. keep adequate electrode potential, the investment 
for any equipment over this is wasted. The curve 
representing treater voltage, which may be taken as 
per cent precipitation as obtained from a single set, 
falls off rather fast beyond a certain limit as the number 
of electrodes is increased and then flattens out at about 
50 per cent of maximum voltage. The problem is to 
determine the economical limit on this curve, 7e., 
to obtain the most satisfactory balance. between the 
cost of extra machines and power consumed against 
the extra dust recovered. Since the values in the dust 
differ at different plants and the rate the treater voltage 
falls off differs with different types of precipitate, it is 


evident that no general rule can be laid down and that © 


local conditions should govern. An economic limit 
for average conditions on a pipe treater was found to be 
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200 pipes, 12 ft. long and 6 in. diameter per electrical 
set, but it should be pointed out that with the pipe 
treater the electrical set only comprises from 10 per 
cent to 15 per cent of the investment so that an increase 
of 25 per cent in the number of machines used did not 
add a large per cent to the total investment. A new 
complexion has been placed’ on this matter by the fact 
that in the more modern wire treaters the treater plant 
has been cheapened so much that the electrical invest- 
ment is now.as great.as the treater investment, which 
has a tendency to increase the number of electrodes 
per set. ¥ Sahih ates: 

‘Electrical sets of 15 kw. capacity have come to be 
regarded. as standard for precipitation work. This is 
due largely. to. the rectifier having a poor: regulation. 
The. drop in rectified voltage becomes considerable 
if it is attempted to pass much ‘more than half an 
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ampere over the revolving contacts of the rectifier. 
The transformer as a rule steps up from 440 volts to 
22,000 and 44,000 with intermediate taps. This is 
suitable for the electrode spacing of six inches usually 
employed where an electrode potential of 25 kv. is 
adequate. However 12 in. spacing has been used 
somewhat, requiring voltage values of twice those given. 

Mr. Eschholz has shown in his paper’ that although 
the voltage is impressed on the treater in impulses, it 
has the effect of that from any continuous current 
source, due to the electrostatic capacity of the treater 
filling up the spaces between. This fact was estab- 
lished quite early by means of oscillograms (See Fig. 8 
in which treater voltage and current waves are shown). 

An important point not usually recognized is that 
due to the cumulative ionizing of the gasesas the volt- 
age is raised above a certain limit (explained by 
Townsends’ theory of ionizing by collision) causes 
the circuit to become more and more conductive so-that 
the last few thousand volts impressed on the electrodes 
is at the expense of greatly increasing the current flow 
and hence the power consumed. This is shown very 
clearly in Fig. 9. While this is a curve showing the 
current and voltage relations on a wire.treater, it may 
be taken as typical of other types and follows: very 
closely Mr. Peek’s curve showing corona loss‘ near the 
critical voltage for large conductors: In the case in 
question it is seen that by increasing the voltage from 
22 to 24 kv. the kilowatts consumed increased 43 per 
cent, a.useless waste of power since the gases were 
cleared in this case almost completely at 22 kv. - It is 
evident that considerable power may be wasted if the 
gases are in a good condition for treatment if the com- 
monly accepted rule of carrying the treater voltage as 
high as possible is observed. This is a good rule to 
follow, however, if the gases are so non-conductive that 
adequate current cannot flow. _ 

It is just as important. to know the treater voltage 
and current values in a Cottrell treater as it is to know 
the cathode current density and cell potential in electro- 
lytic work, and the best way of obtaining these is to 
connect a milliammeter in series with the ground side 
of the treater circuit and to connect a dead beat electro- 
static voltmeter which reads root-mean-square values 
across the electrodes.. While the readings obtained 
may be out a small percentage owing to the intermittent 
flow of current into the treater, they are at least com- 
parable with each other and serve all practical purposes. 
It is misleading to try to calculate the treater voltage 
by multiplying the voltage across the’ low-tension 
winding by the ratio of the transformer, on account 
of the changing ratio of alternating current. to direct 
current at the rectifier with varying conditions. It is 


- 3. “Electrostatic Precipitation,” O. H. E. Eschholz, Vol. 
LX; -American Inst. Mining and’ Metallurgical. Engineers 
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4. “Dielectric Phenoména in High “Voltage Engineering,” 
F. W. Peek, page 144. Fi iti 
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also often misleading to use the value of the current 
flowing in the low-tension winding at different times 
for comparative purposes, on account of the power 
factor changing with the nature of the gas in the treater. 

As already intimated, the various types of electrical 
equipment used have received more than their share 
of consideration. For a time it seemed from the 
attention the matter received that the success of the 
process depended on whether the rectifying switch 
was driven by a small synchronous motor and the 
current. impressed on the step-up transformer taken 
from the local power system, or whether it should be 
mounted on the shaft of a motor-generator, the current 
driving the motor being taken from the power mains 
and the single-phase current made by the generator 
impressed on the step-up transformer.. In a discussion 
of Mr. Eschholz’ paper already largely cited on this 
subject the writer pointed out that it was unfortunate 
that a non-essential should receive so much considera- 
tion and that it was really local conditions which should 
govern as to which system should be adopted, but 
pointed out a number of reasons why a large smelting 
company had found it expedient up to that time to 
install motor-generator rectifiers. 

Acknowledgment is made of the cooperation and 
assistance of the Salt Lake Intermountain Experi- 
mental Station of the United States Bureau of Mines 
in connection with the photo-micrographic study of 
flue dust. Especial thanks is due Mr. R. E. Head for 
making the photo-micrographs, and to Mr. C. G. Maier 
for advice in their study. 
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DISCUSSION ON ‘“*RECENT CONCLUSIONS PERTAIN- 
ING TO ELECTRICAL PRECIPITATION’’* (Scumip7). 


‘ELECTRICAL ENGINEERING FEATURES, OF THE 
ELECTRICAL PRECIPITATION PROCESS’’} (Horne), 


AND “ELECTRICAL PRECIPITATION OF SOLIDS FROM 
SMELTER GASES’’{ (Ratusuy), 


Vancouver, B. -C., August 11, 1922 


C. E. Skinner: It is rather curious that this process, devel- 
oped primarily to abate a nuisance should become so valuable 
economically. I have been familiar with some attempts in the 
Pittsburgh district to abate the smoke nuisance by the Mellen 
Institute of Industrial Research. They made a smoke survey 
of Pittsburgh, and a study of this survey shows how desirable it 
is to abate this nuisance in the Pittsburgh district. However, 
the values recovered are not such as to justify the cost from the 
commercial standpoint, and consequently very little has been 
done. 


E. P. Dillon: Mr. Schmidt’s paper is very opportune, as it 
presents clearly an explanation of phenomena which have for 
many years been an obstacle to precipitation engineers in their 
efforts successfully to handle certain kinds and conditions of gases 
that do not lend themselves readily to effective clean-up in 
Cottrell precipitation treaters. 

It is shown that the suspended fume or dust carried in practi- 
cally any gas may readily be precipitated by proper conditioning 
of the gas, and while in the case of certain gases there is an appar- 
ent anomaly in the relationship between precipitation efficiency 
and current flow, when such gases are properly conditioned the 
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expected normal relation obtains between precipitation efficiency 
and current flow. 

In substantiation of the theory that a non-conductive deposit 
on the receiving electrode retards if not entirely stops precipita- 
tion, numerous observations have been made, and in a particular 
instance where the material to be precipitated was ground button 
dust, it was found that with perfectly clean plates the precipita- 
tion was for a short period practically perfect, but after a deposit 
had collected on the plate precipitation ceased, and in this same 
problem it was possible, by properly conditioning the gas with 
the idea of making the deposit conducting, to maintain continu- 
ous precipitation. 

Mr. Schmidt’s analysis of the economies of ‘‘treater’”’ design is 
extremely important, since it is the engineer’s function to so 
design and proportion plants as to show to the user the maximum 
return on the investment, and knowing the conditions, the desig- 
ner, by Mr. Schmidt’s method, may readily so proportion his 
plant as to accomplish thus result. With the data obtained from 
wide research and extensive experience now available to engi- 
neers, it is possible to design ‘‘treaters’’ for practically any 
problems of cleaning gas that will in practical operation obtain 
a predetermined percentage of recovery or clean-up. It is 
obvious, therefore, that the proportioning of the ‘‘treater’’ for 
the percentage of recovery to be obtained will depend to a very 
large extent on the economies of the problem to be solved, and 
it is indeed fortunate that engineers are now equipped with 
information permitting them to take cognizance of the economic 
elements in designing a ‘‘treater’’ for a given problem. 


The necessity of properly conditioning gases has been brought 
home to precipitation engineers in the problem of precipitating 
zine oxide perhaps more foreibly than in any other operation. 
The recovery of this material, whether pure or impure, by means 
of precipitation from gases not properly conditioned is extremely 
difficult. With the increasing knowledge and experience of 
conditioning gases, it is now considered entirely feasible success- 
fully and economically to treat gases carrying zine oxide, re- 
moving therefrom the fume at any pre-determined and desired 
efficiency. Gases of this character have been successfully 
handled in numerous commercial installations, as well as various 
test problems, with gas volumes from 5000 to 20,000 ecu. ft. per 
min. at temperatures of treatment up to 700 deg. fahr. the fume 
content of these gases so treated being as high as four to five 
grains per cu. ft. of gas at standard conditions. In general, the 
conditioning of these gases has been accomplished by the addi- 
tion of steam or water, and it is an interesting fact that when so 
conditioned that effective precipitation resulted, it was found 
that the precipitate was in a dry form, as required for commer- 
cial conditions. 


In most of the earlier electrical precipitation installations the 
treaters were of the open type discharging into the atmosphere, 
or if closed were so designed merely for the purpose of conducting 
the gases to stacks. Recent developments, however, have 
brought about designs of gas tight treaters where the gas is used 
after being cleaned in the treater, and such gas tight ‘‘treaters”’ 
have been used in some instances for the cleaning of explosive 
gases. Numerous installations of the gas tight treaters are now 
in commercial operation, giving very satisfactory results and 
evidencing material progress in applying electrical precipitation 
to an ever widening field of gas cleaning. 

Referring to Mr. Rathbun’s paper. In the earlier stages of the 
practical application of the electrical precipitation processes they 
were considered applicable only to the recovery of sulphurie acid 
mist, and, as Mr. Rathbun states, for some time later they were 
thought of as a means only for abating a nuisance. The variety 
of the applications of the processes to gas cleaning problems has 
extended to such a point that now practically any fume or dust 
recovery problem is susceptible of solution by these processes. 


In fact, the metallurgist and chemist is now free to develop pro- _ 
cesses disregarding fume losses, even going so far as to create 
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fume losses in process operations, since the Cottrell processes may 
be relied upon for efficient economical recovery of such losses. 


The description of the wire type ‘‘treater” is extremely inter- . 


esting, particularly in view of the fact that it is based on actual 
experience, and it is undoubtedly a valuable contribution to the 
subject of precipitation. Draft losses are an ever present prob- 
lem to the precipitation engineer, and constant efforts are being 
directed to minimize such losses in modern designs. Modern 
installations are so designed that the draft losses will not exceed 
0.25 in., and in a wide variety of installations it is found that the 
draft loss is much less than this, ranging from 0.15 in. to 0.10 in. 

The presence of sulphuric acid in some form in the gas is 
certainly a great aid to precipitation, and the idea suggested by 
Mr. Rathbun of adding sulphuric acid by various methods to 
the gases, with the attendant favorable results, indicates a mater- 
ial advance in the art of precipitation. In many plants, how- 
ever, sulphuric acid is not available for such use, and it has been 
found in a wide variety of operations that eminently satisfactory 
conditioning of the gases can be obtained by the proper intro- 
duction of water or steam, and this result has been obtained in 
numerous instances with gases at high temperatures of treatment 
with a resulting dry precipitate, thereby indicating that in some 
problems at least the use of steam or water for conditioning is 
not confined to eold gases only. 

As Mr. Rathbun says, the electrical equipment for precipi- 
tation has been very well worked out and developed, and we agree 
entirely with the statement that ‘‘the electrical side of the pro- 
cess is of less importance than the treater and gas conditioning. 
In selecting the number of electrical sets for a given installation, 
there is room for eareful thought on the part of the engineer to so 
proportion the electrical equipment as to insure a reasonable 
flexibility and at the same time avoid unduly burdening the 
installation with an increased investment, keeping in mind the 
necessity, however, of having available a sufficient number of 
sets to obtain the desired precipitation efficiency. The general 
trend of treater design seems to indicate a tendency at this time 
toward the lower voltages. The selection by Mr. Rathbun of 
15-kw. sets as standard checks with general practise, although in 
some smaller installations sets of smaller capacity are used, but 
it is generally coneeded by precipitation engineers that large 
capacities such as 50 ky-a. or over are not desirable and are rarely 
if ever used. 

The operating voltage of the treater can be predetermined 
with fair aceuracy, but the most effective voltage to be used will 
vary with changes in gas condition, velocity, ete. and the electri- 
eal equipment is so arranged that adjustment of voltage on the 
treater can readily be made by the operator to obtain best 
precipitation under existing conditions. 

O. H. Eschholz: To the engineer electrostatic precipitation 
will always serve as an excellent illustration of the successful 
utilization of advanced scientific knowledge for the development 
of an important industrial process. While in other electrical 
systems the presence of corona too frequently is indicative of 
energy waste or impending failure, in this process it functions 
as an essential operating agent. Fume, vapor or suspended 
solids, ionized in the corona surrounding the discharge wire or 
chain are propelled through an electrostatic field of decreasing 
potential gradient to finally impinge upon the surface of an 
adequate receiving electrode. Because of the importance of the 
corona phenomenon, interest is frequently centered on the 
character of the treater voltage wave. 

On an oscillograph record of treater voltage and current, the 
peak voltage as measured by sphere gap was 57,000 and the 
effective voltage, as determined from the oscillogram, was 97 
per cent of the peak. The effective mechanical rectifier ground 
current on this quite large treater was approximately 1 ampere. 
Numerous oscillograms taken of treater voltage under varying 
conditions of gas flow and treater capacity gave in most cases 
effective voltage values exceeding 90 per cent of the peak. This 
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quite flat character of the voltage wave is doubtless responsible 
for Mr. Horne’s observation that the substitution of a high- 
voltage direct-current generator (Girven) for the mechanical 
rectifier does not give a substantial increase in precipitation 
efficiency. 

It is of interest to note that the velocity of the charged parti- 
cles, or heavy ions, is quite low owing to their relatively large 
mass. This had been estimated! for one set of conditions to be 
of the order of 0.8 in. per see. Upon disconnecting the supply 
circuit as a result of this low ion velocity the heater discharge is 
found comparatively slow. The discharge rate is somewhat 
greater than would be estimated from the above value of velocity 
due to the discharge of the treater energy through the oscillo- 
graph circuit as well as to the displacement of the ionized gas by 
the incoming uncharged furnace gases. As a result of the low 
‘Sonic drift’? considerable energy is stored between electrodes. 
This energy assists in maintaining treater voltage or serves to 
quickly reestablish such voltage in the event of a short circuit 
eaused hy a break-down between electrodes. 

Owing to the slow movement of the charged particles, only 
those in the immediate path of the are were discharged, thus 
permitting the immediate reestablishment of treater voltage 
when the are had been ruptured at the contacts of the mechanical 
rectifier. It is important to note that because of this low ionic 
drift and the breaker-tike action of the mechanical rectifier, the 
precipitation time lost due to treater shorts is negligible so that 
it is practicable to operate treaters very close to their critical 
break-down voltage. 

Some consideration should be given to the fact that treater 
circuits may serve as a source of high-frequency radiations and 
hence cause “wireless interference.’ Observations on a small 
plant have shown that energy stored in the treater proper is 
radiated from the transmission line, functioning as an antenna, at 
the natural frequency of the system, as a result of the intermit- 
tent corona or arcing occurring in the treater. In the casestudied 
sharp resonance was obtained with the wave meter located at the 
top of the treater at 150 and 300-meter wave lengths. The 
sound in the receivers was very similar to the frying noise 
characteristic of the treater corona. Various expedients may be 
adopted to reduce the energy of the high-frequency oscillations 
such as a high resistance in the treater end of the transmission 
line—a ground wire screen under the antenna—a condenser 
aeross treater line and ground at rectifier end or possibly sub- 
stitution of steel for the usual copper line wire. 

J. €. Hale: There. are a few points in Mr. Horne’s paper 
which may lead to questioning by those not thoroughly familiar 
with the subject and it seems desirable to amplify somewhat on 
certain portions of the paper. 

The relative advantages of the synchronous motor and motor- 
generator set depend largely upon the characteristics of the 
power supply circuit to which they are to be connected. If the 
regulation of this circuit is extremely poor it may, as the author 
has said, be advisable to install a motor-generator set to secure 
better operation. Sufficiently close voltage regulations to per- 
mit entirely satisfactory operation of the present type of synehro- 
nous induction motor has been found in practically all the instal- 
lations which have been made east of the Rocky Mountains. 
The disadvantage mentioned,—that a synchronous motor re- 
quires careful attention on the part of the operator in starting 
up to secure proper polarity, is in practise unimportant, as the 
operator can immediately reverse the polarity if necessary by 
means of the double pole double throw switch shown in the 
author’s wiring diagram, Fig. 1. In most cases the proper 
polarity can be determined as shown by Mr. Horne in Fig. 5 of 
the paper. If the wrong polarity is obtained the precipitator 
will are over before the voltage can be raised to the proper 
operating value. . 

1Electrostatic Precipitation, H. H. Eschholz, Proc., A. I. M. 
& M. Eng., Vol. 60, p. 243. 
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The disadvantage that the synchronous motor may slip a pole 
due to momentary low voltage is, of course, important.’ Actual 
tests on the latest design of motors now being furnished by the 
manufacturers show that they will not drop out of step (or slip 
a pole) unless the voltage is reduced by somewhat more than 
20 per cent. If regulation as poor as this is encountered a motor- 
generator set certainly should be installed. Such poor voltage 
regulation is, however, rarely encountered. 

With reference. to. the disadvantages of the motor-generator 
set, there is a further point which applies especially to small 
power units, (5, 10 or even 15 kv-a.).. It has been shown by 
oscillographs that unless special attention is given to the generator 
design the voltage wave obtained from a 5-kv-a. or even a 10 or 
15-ky-a. gnerator will be very badly distorted by the oscillations 
set up by the transformer rectifier circuit. These oscillations 
are of course too small to react upon the wave shape of a large 
generator such as would be found on a power circuit. It cannot 
be definitely said just what is the effect of those wave distortions 
upon the efficiency obtained in the precipitator. .It is obvious 
however that, if there are very high peak voltages they will 
prevent, by causing an are over, the maintaining of a sufficiently 
high average voltage to secure most efficient precipitation. 

With reference to Fig. 6, the reader should be carefully warned 
not to draw an erroneous conclusion from the curve given. The 
author’s conclusion is unquestionably correct, but it should. be 
borne in mind that although the curye given is typical in shape 
for all precipitation cireuits it will differ in each installation in 
its location with respect to the coordinates. It might be inferred 
from the curve given that the maximum obtainable efficiency of 
precipitation is about 90 per cent. Any desirable location with 
respect to the abscissa can be obtained by a change in the opera- 
tion or design of the precipitator unit; in other words, any desired 
efficiency can be obtained by a suitable precipitator design and 
there are installations in commercial operation. which have 
shown, by actual test, a continued efficiency of 9914 per cent. 

Emphasis should be laid on the. reliability of the electrical 
equipment now available for use in connection with the electrical 
precipitation process. Hight or ten years ago the objection to 
the mechanieal rectifier because of the high-frequency oscillation 
set up in the high-tension circuits was very serious and a great 
many transformer failures occurred. . Since that time, by careful 
study of the problem, the manufacturers of electrical equipment 
have been able to supply suitably designed and constructed 
transformers and to protect them by means of external resistance 
or reactance so that the transformer failures very seldom occur 
at the present time. All of the other apparatus used in obtaining 
and controlling high-tension unidirectional currents have been 
from time to time the subject of study and improvement, and, 
as a result, thoroughly reliable equipment is now obtainable. 


Svend Barfoed: | I would like to ask Mr. Schmidt one ques- 
tion: In the treatment of smelter fumes I understand that you 
can remove SO; fumes from the gases, as it is in the nature of 
a-solid. I have not read the paper but I wonder if SO2, which is 
a true gas, can be so treated that it also could be removed from 
the gas so that it will not constitute a nuisance. 


W. A. Schmidt: I know of no case where SO; has been 
precipitated as such. SO; is very difficult to-isolate since it 
combines very readily with any water vapor present. There is 
usually sufficient moisture present in the gases to immediately 
form sulphurie acid whichis H2 S0O,4. Ifsufficient sulphuric. acid 
is so formed to exceed the saturation point of the gases at the 
temperature existing then this excess will form a mist of liquid 
particles of sulphuric acid and be precipitated as acid or combined 
with other ‘substances present. 

The question of the precipitation of SOs. lin often been: raised. 
SOs is a gas and this process does not effect any separation of 
gases. The suggestion has been made to oxidize SO». to SO3 
and convert to sulphuric acid, but that has to date proven 
impractical. : 
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R. J.C. Wood: Itmay be of interest to tell about the electri- 
cal precipitation that we have been getting on the Big Creek lines. 
We have a very large precipitator there, 200 miles long and 100 
feet wide. We noticed when going over the line some couple of 
years ago that the aluminum cable was perfectly bright up in the 
higher altitudes, up near the power houses at the Big Creek end. 
It looked exactly the same as it did when installed, absolutely 
new, bright and shining. As you got down into the lower alti- 
tudes that brillianey began to fade, and at two or three thousand 
feet or so it was of a light brown color. By the time we were 
down in the San Joaquin Valley it was quite dark brown. By 
the time we got to Eagle Rock, down near Los Angeles, it was 
dead black. However, crossing the Tejon Mountains, it lost its 
color again as it ascended the altitudes—apparently some kind 
of mountain sickness. 

I took a piece of that cable from the Eagle Rock end—and 
examined it, and I thought at first that this was just discoloration 
of soot and I could brush it off with my hand. I rubbed it with 
my hand and I got just a little stain on my hand but the deposit 
did not come off, and I rubbed harder, and I rubbed until I 
began to get sore, but still did not remove this coating. All I 
did was,to put a very nice black polish on this coating. The 
wire looked just like black enamel wire. Finally I got the coating 
off with either dilute acid or dilute caustic soda. The black 
powder that came off in the solution I examined under the micro- 
scope and found that it was made up of grains of translucent 
material, I suppose little bits of the country, little bits of rock 
and dust, and interspersed between those grains were very small 
black points or spots, but the rather astonishing thing was the 
transparency of the preparation under the microscope. We 
expected to see large masses of dark black substance, whereas it 
looked like a piece of ground glass broken up with just a very few 
black spots on it. 

I am assuming that the voltage on the line causes precipitation 
of particles flying in the air, that up in the higher altitudes there 
was not sufficient of the black carbonaceous binder to make the 
particles stick.together, that in the lower altitudes where there 
was a good deal of oil smoke and so on, the binder cemented the 
clearer particles together, making a hard coating on the wire. 
Practically you might say that this coat is a microscopic mac- 
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I would like to ask Mr. Schmidt also whether by the use of the 
treater he,could cut part of that very tall stack off. The stack 
as made—and it is an enormous one, 560 feet high, as I under- 
stand—was originally made of that height in order to carry the 
gases and dust to a sufficient height so that they would not fall 
on the immediately surrounding country, but be carried off to 
somebody else. Now, if you put in a precipitator and collect 
these fumes possibly you might be able to save somewhat in the 
height of this stack. _ 


W. A. Schmidt: In answer to Mr. Wood’s question I would 
say that in certain cases the stack could undoubtedly be decreased 
in height, and in fact at some places the stack has been replaced 
entirely by fans; but in the particular case to which Mr. Wood 
refers, which is the Anaconda Smelter, that is not true. As a 
matter of fact, the stack is on the top of a hill, quite a good height 
above the smelter, and the stack is proportioned so as to give the 
desired draft behind the furnaces to overcome the resistance in 
the flue system, . _ 

I might say one word in connection with the thought ‘that 
came to my mind when Mr. Wood spoke of the collection of dust 
on the high-tension transmission line. As I showed in my in- 
formal discussion, the effect of.a deposit upon a surface when that 
deposit is. composed of porous or discontinuous dielectric is such 
as to convert the surface into an ionizing medium... It would be 
very interesting to obtain some measurements on the high-tension 
transmission lines on the effect of such deposits on the corona 
losses. It is quite inches that. there tmleht be a. distinghi 
effect there, 
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There is one other question which I would like to touch on in 
connection with Mr. Rathbun’s paper. He speaks of the differ- 
ence in effectiveness of the wire treater. He unfortunately over- 
looked pointing out that with the type of construction to which 
he refers it is possible to put a very large amount of discharge 
electrode in a very small space: The work which Anderson and 
Horne conducted, and which is discussed in my paper, shows that 
after all every treater in its effectiveness follows an exponential 
equation, and we have no evidence at hand indicating that an 
arrangement such as Mr. Rathbun refers to in his discussion Of 
the wire treater has any greater effectiveness per unit length ot 
discharge electrode. In fact there is some evidence indicating 
that the effectiveness per unit lengthisless. But he does obtain 
a greater length of discharge electrode with the same cubical 
contents of the treater, and that, of course, has a distinet bearing 
upon the cost. 

C. N. Beebe: As was pointed out, in Mr. Rathbun’s paper, 
the wire screened treater and also the wire treater were capable of 
being installed-in the present existing flue chamber. It is a 
fact that modern smelters do not hesitate at all to make an 
expenditure of millions of dollars on a complete new treater plant; 
with the wire screen or wire type of treater, which is capable of 
being installed in the short length of existing flue chamber, the 
same amount of gases can be treated with the treater, costing 
three per cent. of a million dollars, or $30,000 approximately. 
This will give you some idea of the saving to the smelting indus- 
try of the research work which Mr. Rathbun has accomplished. 

W. A. Schmidt: In connection with that statement I wish 
to call attention to the fact that in all those cases where the instal- 
lations have cost sums approximating a million dollars new flues 
were constructed, and in a measure the entire flue system was 
scrapped and rebuilt. In the case that Mr. Beebe is referring 
to, the electrical equipment. was on hand, and the cost of in- 
stallation simply covered the insertion of electrodes into the ex- 
isting fiue. 

R.B. Rathbun: The period of six months, which has elapsed 
since the paper on smelter gases was written, has done much at 
the various plants at which the author has contact to substan- 
tiate the views expressed in the paper on the subjects to ‘treater 
design” and “‘conditioning of the gases.” 

Discussion of the paper seemed to have centered around the 
development of the new wire treater described briefly under the 
head of ‘‘Treater Design’’, together with the other types of 
treaters. 

In view of the remarkable record for construction and opera- 
ting costs being made at present. by this treater in the precipi- 
tation field it should require no defense. 

Mr. Schmidt remarked in his discussion that it was perhaps 
unfortunate that the fact was not pointed out that with this type 
of construction it is possible to put a very large amount of dis- 
charge electrode in a small space. The advantage of this is 
obvious. He does, though, go on to infer that the lessened cost 
is due to its greater length of discharge with the same cubical 
contents of treater as in the other types. This would make it 
appear that its advantages lie almost wholly in its ability to 
dissipate a large amount of electric power in a small space, where- 
as it is clearly shown in the paper that economy of power over 
other types was one of its advantages. It was clearly demon- 
strated that this, and its high efficiency per unit of cost, was due 
largely to the fact that it provided a large number of electric 
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fields in series in the same chamber and staggered with reference 
to each other so that every gas molecule must, of necessity pass 
close to a discharge electrode where the potential gradient is 
steep enough for its ionization. The fact is again pointed out 
that in other treaters, such as the pipe, a large portion of the gas 
passes out parallel to and through the weak field adjacent to the 
passive electrode which is the wall of the pipe. 

In the introduction of the paper it was stated that the subject 
would be covered from the standpoint of the engineer whose 
watchword must always be “return on the investment.’’? From 
this viewpoint it seems immaterial whether or not this treater is 
covered by the exponential equation developed by Horne and 
Anderson. It is no doubt a very interesting academic point, 
however. Nor does it seem important if its superiority measured 
by the standard of the dollar is conceded whether or not the 
effectiveness of, the discharge per unit of length is less than in 
other types, as intimated by Mr. Schmidt. This statement, by 
the way, seems misleading when not qualified, It must be 
remembered that in the wire treater the gas flow is in the diree- 
tion of the discharge instead of right angles to it, as in other types, 
making such a comparison difficult. 

It is usual to think in terms of the ionized length, or the dis- 
tance through which a given gas molecule is in the influence of the 
electrical field. In the wire treater this length is rather less than 
in other types for a given gas velocity and cleaning of the gas, 
having as it usually does only 20 electrified spaces of 6 in. each 
in series, whereas in pipe treaters the gas usually passes through 
from 12 to 15 ft. of ionized length. 

Mr. Dillon has in his discussion noted one of its very important 
advantages—that of extremely low draft loss, not to exceed 0.25 
in. It might be added that for pipe treaters, performing under 
like conditions, it is often as much as 4%4ineh. This conservation 
of draft is partly due to the facet that the wire treater, equipped 
with insulating lime seals where live members enter, has practi- 
eally no infiltration of outside air, but it is mainly due to the fact 
that the gases are not deflected from their straight course from 
the furnace to the chimney and suffer practically no interference 
due to friction of the treater interposed in their direct route. 


In regard to Mr. Sechmidt’s qualifying statement to that made 
by Mr. Beebe regarding costs. It is true, as the former states, 
that in the instance cited a large part of the saving was due to 
the use of flue chambers already in use. In a large sense it was 
the adaptability of such chambers to this system which led to 
its development. However, instances have been found where 
the existing flue does not lend itself readily, and in such eases it 
is found that a short portion may be rebuilt and the straight line 
principle maintained without seriously affecting the cost. 

Regarding ‘‘conditioning the gases.”” Mr. Dillon, in comment- 
ing on present methods as described in my paper, felt that in 
these considerable progress had been made in the art of precipi- 
tation. That is true—but it must be realized that the methods 
of humidifying or acidifying gases difficult to treat are but make- 
shifts since the former is injurious to flue and treater system at 
temperatures where water will condense, and the latter is often 
prohibitive due to the cost of the acid. 

An account of some preliminary microsepoie work, together 
with micro-photographs showing the physical properties of fume 
and flue dust, was submitted in the paper. It was hoped that 
this would lead to discussion, or pave the way to constructive 
thought toward the final solution of this important problem. 
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ELECTRICAL MACHINERY COMMITTEE 
To the Board of Directors: 

T has been the aim of the Committee on Electrical 
Machinery during the past administrative year to 
extend its usefulness, as heretofore, to a survey of 

the art through descriptive papers and the arrangement 
of meetings for their presentation in cooperation with 
the Meetings and Papers Committee and to assist in 
the clarification of work in connection with the stand- 
ardization of temperatures in electrical machinery. 

A review of the theory of electrical machinery is 
opportune from time to time and this Committee has 
endeavored to follow this idea by inviting a paper on the 
kinematic reproduction of vector diagrams of induction 
motors, which was presented by Prof. Karapetoff at the 
Midwinter Convention. Another paper on ‘‘Theoreti- 
cal Problems in Connection with Induction Motors’ 
was solicited from Mr. B. G. Lamme and was presented 
at a meeting specially arranged for this purpose at 
Pittsfield. 

The development of large power generating machi- 
nery and its application to modern power-house design 
has been considered in the presentation of important 
papers on the new development work done at Niagara 
Falls, on the Canadian side. ‘These papers were pre- 
sented at the Annual Convention in June, held at 
Niagara Falls. They describe constructive engineering 
work of great originality and magnitude. 

The problem of the internal heating of coils in alter- 
nating current generators, which has been agitated for 
some considerable time, has received the most careful 
attention of this committee. At the Pittsfield meet- 
ing of the committee held March 16th, the problem 
itself was fully discussed and it was decided that the 
designing engineers on the one hand and the operating 
engineers on the other would present complete experi- 
mental data and records at the June Convention. 
These records were presented by Messrs. Foster, New- 
bury, and Williamson for the designing engineers, and 
by Mr. Philip Torchio for the operating engineers. 

A most complete discussion of the subject took place, 
which it is hoped will result in a settlement of this 
problem by the formulation of rules of standardization, 
upon which the development work of the art will be 
based for some time to come. 

The efforts of electrical engineers during the past 
year in connection with the design and construction 
of electrical machinery have been concentrated very 
largely upon the subject of greater refinement in the 
determination of temperatures and upon the develop- 
ment of larger sizes of individual units. This applies 
particularly to the generators connected to steam 
turbines and to large water-wheels. The work in the 
development of the latter, which was so well described 
by Mr. William M. White in his paper on ‘‘ Hydraulic 
Turbine Development” delivered under the auspices 
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of this committee at the June Convention last year, 
has led to the construction of large hydraulic units at 
speeds formerly undreamt of. This, of course, was 
immediately utilized by the electrical engineers for the 
construction of electric generating units, so that now 
individual units of capacities of 50,000 kw. are not only 
being contemplated but actually designed and executed, 
both for steam turbine connection and water-wheel 
connection. It is, of course, evident that the latter are 
very much larger in size on account of their reduced 
speed. 

There is another field in which there is promised 
great activity and reference is made to the possibilities 
in the railroad field. It is evident that the condition 
of the railroads of the country is today such that, un- 
less their present capacity is greatly increased,. the 
railroad system will be unable to do justice to the future 
of industrial development. It is evident that, through 
the applications of electrification, the capacity of the 
terminals, both as regards passenger handling and 
freight handling, can be enormously increased. This 
has been shown convincingly in the electrification of the 
terminels of New York City and Philadelphia, and the 
sooner the railroads realize the necessity of such work 
the better it will be for them and for the country at 
large. Such economie development will naturally 
carry with it a tremendous stimulus to the entire 
electrical industry, with the result that the electrical 
machinery which comes under the scope of this Com- 
mittee will meet with an area of revival. 

The chairman wishes to thank the members of this 
committee for their active and loyal service rendered 
failthfully throughout the year. 

B. A. BEHREND, Chairman 


PROTECTIVE DEVICES COMMITTEE 


Subcommittee Circuit Breakers and 
Switches—B. C. JAMIESON, Chairman 


To the Board of Directors: 

Several papers covering certain features of this sub- 
ject have been presented before the Institute this year, 
which we feel will be instrumental in improving this 
type of equipment. The representatives of the Power . 
Club, N. E. L. A. Electrie Apparatus Committee, and 
your committee have cooperated in attempting to 
clarify interrupting capacity ‘ratings of oil circuit 
breakers. The three important features in this rating 
are: 

1. The point at which the duty cycle terminates. 

2. The condition of the breaker at the end of the 
duty cycle. 

3. The starting point of the duty cycle, whether 
open or closed position of the breaker. 

These points threw this whole matter back to a stage 
which required discussion of fundamentals supposed 
to have been thoroughly understood and agreed upon 
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previous to the publishing of the Hewlett-Burnham- 
Mahoney paper. 

A fairly definite understanding has been reached on 
the first two points, vz. 

1. Duty cycle terminates with the breaker in the 
open position. 

2. The breaker is to be capable of closing and car- 
rying full rated current. 

There has been so much misunderstanding and dif- 
ference of opinion regarding the third point, that it was 
decided to submit the subject for general discussion 
at the A. I. E. E. Annual Convention at the time of 
the presentation of the papers on circuit breakers. 
However, when these papers were presented, much 
disappointment was felt by operating engineers because 
of the small amount of desirable data that they con- 
tained. On this account the discussions were not very 
fruitful and the matter of duty cycle remained in 
practically the same undefined state as before. The 
opinion of your committee, however, is that the duty 
cycle should begin with the breaker in the open posi- 
tion, and the duty cycle consisting of closing the breaker 
on a short-circuit and the breaker interrupting this 
current. The multiple shot rating to be made up on 
the basis of repeating this cycle the desired. number of 
times. 

The committee also favored the suggestion of the 
manufacturers that the old standard so-called two 
shot rating be retained as a published or reference 
standard for the normal measure of breaker capacity. 

Until the committee can get further assurance that 
its findings would receive more approval, it hesitates 
to submit these findings as a final report. The com- 
mittee, however, hopes that the ultimate disposition 
of the matter will be on the basis as recommended since 
the N. E. L. A. findings are based on a reluctance to 
disturb existing manufacturing standards. If this is 
their principal objection it would appear that there is 
good ground for believing that, with this removed, they 
would favor the same definition of duty cycle as we 
propose. Certainly, it would make for a safer and more 
logical standard of protection to have a breaker which 
is capable of closing in on a short circuit at its first 
operation and particularly is this so in view of the fact 
that in all subsequent operations it must be able to do 
so. 

In view of the lack of agreement among the various 
organizations interested in this matter of duty cycle, 
it is proposed that during the coming year your sub- 
committee shall immediately begin work on a compre- 
hensive plan for the guidance of member companies 
contemplating oil circuit breaker tests, specifying the 
data which are necessary to certify or amplify the 
correctness of the present definition of interrupting 
capacity of oil circuit breakers. It is believed that such 
a course will eliminate to a large extent duplication in 
tests and will also serve to remove elements of doubt 
as to the efficacy of the tests, either of which would of 
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course result in furthering the development and reduc- 
ing the hazards incident to the test. It will serve also 
to accomplish a more thorough diffusion of results 
among the interested companies and unify the manu- 
facturers in the line of development and progress. 
This program would perhaps be a little more logical 
if it had been possible to dispose of the duty cycle 
matter during this last year. However, it is believed 
that the subcommittee will be warranted in going 
ahead anyway with a more intensive scrutiny of the 
fundamentals which were assumed as correct in order 
to get a satisfactory working definition of duty cycle. 


Subcommittee on Grounding 
E. C. STONE, Chairman 


The subeommittee on Grounding of Systems of the 
Protective Devices Committee was created at the 
meeting of the General Committee held in New York 
on Friday, Oct. 14, 1921. The scope of the Committee 
was defined as follows: 

“Tt was decided that a subcommittee should be 
appointed to study the methods of grounding and 
collect such information as it thinks desirable regard- 
ing the amount of neutral resistance and special 
application of relays to grounded systems. This 
subcommittee was to cooperate with the subcom- 
mittee on Relays in properly stating the latter phase of 
this problem.” 

Under date of November 22, 1921, the subcom- 
mittee was further instructed by the Chairman of the 
General Committee to make a study of the Protective 
Devices which would be considered necessary in con- 
nection with the use of 66,000 volt underground cables 
for bringing transmission lines of such voltage into the 
sub-stations. 

It was decided that the best method of approach to 
this study would be a questionnaire. Accordingly, the 
questionnaire, of which a copy is attached herewith, 
was prepared. The essential points which the ques- 
tionnaire was designed to cover are as follows: 

General practise with reference to operation. 

Grounded or ungrounded. 

Number of points grounded. 

Method of grounding. 

Operating experience. 

Switching practise. 

Types of grounding resistances. 

Inductive inter-action with signal circuits. 

Relay systems. 

Protective devices other than grounding used to take 
care of surges. 

On account of the’ unpopularity of questionnaires, 
it was decided that this one should be sent out only by 
members of the committee. to their personal friends 
in the various operating companies. The results, 
however, have been very gratifying and indicate that 
the?men on this subcommittee are in close touch with 
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practically all of the important operating companies 
in the United States. 

It was found that the Electrical Apparatus Com- 
mittee of the National Electric Light Association was 
making a study of methods and practise in grounding 
the neutrals of large generating stations. This study 
was under the direction of Mr. H. C. Albrecht, who has 
very kindly cooperated with this subcommittee in 
every way possible and has made available all of the 
information which he had collected bearing on the 
subject. 

In collecting the data two major sub-divisions eet 
been made, as follows: 

(a) Practise in systems which transmit substantially 
all of their power at generator voltage. 

(b) Practise in systems which step up substantially 
all of their power to transmission voltages above gener- 
ator voltage. 

In order that this committee might work in close 
cooperation with the N. E. L. A. committee, Mr. P. H. 
Chase of Philadelphia was appointed to gather the 
data and prepare the report on Section A. The report 
on Section B will be prepared by the chairman of the 
subcommittee. 

Up to the present time, 31 companies have submitted 
complete answers to the questionnaire sent out. These 
companies represent a total kv., of 5,002,500. and 
operate 15,804 miles of transmission lines at voltages 
from 11,000 up 150,000. Thirteen other companies 
have submitted the essential facts regarding their 
grounding practise. 

Very wide divergence in practise is indicated. Some 
systems including many miles of line at very high volt- 
ages are apparently operating successfully ungrounded, 
although the trend is strongly towards a dead grounded 
neutral for systems operating at 66,000 volts or above. 
For systems operated at lower voltages, resistances of 
widely varying ohmic magnitude are used. Practise 
with reference to switching, type of ground used, and 
other protective devices is also very divergent and some 
very unique schemes have come to the committee’s 
notice, 

As the collection of data is not yet completed, the 
report of the subcommittee at this time must be 
merely a progress report. Because of the wide diverg- 
ence of present practise, the chairman of your com- 
mittee feels that the subject is of sufficient interest to 
warrant holding one or two sessions of one of the main 
quarterly meetings of the Institute. The data should 
all be in in time to be presented at any meeting after 
January 1, 1928. In addition to the report on the 
data collected on practical operation by the sub- 
committee, it is also recommended that one or two 
papers be prepared on the theoretical aspects of the 
subject. The industry is sadly lacking in definite 
information as to why transmission systems are 
grounded or not grounded and what factors determine 
the method of grounding. 
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Subcommittee on Lightning Arresters 
F. L. Hunt, Chairman 


The publication of the operating data showing the 
performance of several types of arresters in a paper 
by Mr. Roper before the Institute in November, 1919, 
has apparently acted as a great stimulus to the desig- 
ners and manufacturers of lightning arresters, as at the 
present time three new types of arresters are being 
offered for service tests and there will apparently be at 
least two additional types offered within another year. 
In addition the two papers on the subject of Lightning 
Arrester Protection which were presented at the Mid- 
winter Convention have created considerable interest. 

The development of equipment for testing lightning 
arresters with large capacity, current and steep wave 
front has been of great help in classifying the different 
types of arresters as to the relative protective value 
against surges. 

The tests made by this method and the analytical 
studies of the engineers of the manufacturing companies 
appear to confirm the prediction from the published 
data previously mentioned, namely, that a lightning 
arrester to be most efficient as a protective device, 
should have a minimum impedance to flow of surge cur- 
rent so as to permit a very high current to fo at the 
instant of lightning discharge. 

These tests also indicate that it is apparently en- 
tirely possible to devise an arrester which will have a 
maximum potential across its terminals that will be 
less than the primary bushings and the primary wind- 
ings of line transformers as now constructed for dis- 
tribution voltages will withstand. It.is confidently 
expected that arresters meeting this requirement will 
be produced by ‘one or more manufacturers and avail- 
able for general use within the next few years. When 
this result is achieved, then disturbances from light- 
ning will be practically eliminated from our low poten- 
tial distribution circuits, except in the few cases of 
defective bushings, insulation damaged by severe over- 
loading, or direct lightning strokes. The total dif- 
ficulties per annum in a large system from these causes 
should not exceed one tenth of one per cent of the total 
number of transformers installed. 

With the case of the lightning arresters for trans- 
mission voltages, the situation is somewhat different. 
There appears to have been no radical improvement in 
such arresters during the last few years, but with the 
development of the new types of arresters for the dis- 
tribution voltages and with the recent improvements in 
the methods of testing lightning arresters, and with 
the large amount of attention being given by the engi- 
neers of the manufacturing companies to the analytical 
study of the subject of lightning and lightning arresters, 
it seems quite probable that the serious improvement 
in lightning arresters for distribution voltages now in 
progress will be followed very quickly by correspond- 
ing improvements in lightning arresters for the higher 
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A paper read at the Midwinter Convention brought 


out what the prevailing practise is in the use of light- . 


ning arresters on circuits of 10,000 volts and over, and 
also brought out the fact that some prominent engineers 
differ widely in their views about the use of arresters 
from the majority of opinions. 

A paper by Mr. Creighton pointed out the operating 
characteristics of the’arresters in use today and their 
application to the conditions that have to be taken care 
of on transmission lines, and made clear the fact that 
apparatus now being supplied under the name of 
lightning arresters has characteristics so widely differ- 
ent that a need has arisen for a classification of light- 
ning arresters, so-called, as supplied to the operators. 


The subcommittee is now working on a classification 
of lightning arresters which will make possible a more 
complete comparison of the types available and give 
operating engineers a better basis for choosing the 
arresters to be used on their lines. We believe such a 
classification should include the following sub-divisions: 


1. Path of initial discharge. 
(a) No gap in series. 
(b) No resistance in series. 
(c) Gap in series. 
(d) Resistance in series. 
2. Rate of discharge at over voltage, normal fre- 
quency. 
(a) High rate (specify limits). 
(b) Intermediate rate (specify limits) 
(c) Low rate (specify limits) 
3. Rate of discharge at over voltage, high frequency 
(a) High rate (specify limits) 
(b) Intermediate rate (specify limits) 
(c) Low rate (specify limits) 
4. Flashover potential at normal frequency. 
(a) 20 per cent (this will include the counter 
e.m. f. type of arresters) 
(b) Between 20 per cent above normal poten- 
tial and 1.5 times normal potential plus 
5000 volts. (This will include the types 
of arresters consisting of a number of 
spark gaps with a resistance in series.) 
(ec) More than 1.5 times normal potential 
plus 5000 volts. (This will include the 
arresters of the single gap type with re- 
sistance in series.) 
5. Time required to interrupt dynamic current. 
(a) No dynamic current follows. 
(b) Less than 2 cycles. 
(c) Less than 10 cycles. 
(d) More than 10 cycles. 


6. Attention required in service. 
(a) None. (This will include arresters like 
the most recent designs for low distri- 
bution voltages, and contained in a 
_ sealed porcelain case that does not per- 
mit of inspection or adjustment.) 
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(b) Not more than once per season. (This 
will include some arresters of the wooden 
box type in which the gaps must be 
cleaned and perhaps renewed or ad- 
justed.) 

(c) After every heavy discharge. 

(d) Once a day or oftener. 


Subcommittee on Current Limiting 
Reactors 


N. L. PoLuarD, Chairman 


Failures. From information gained by the com- 
mittee from a number of operating companies that use 
a considerable number of current limiting reactors, 
it appears that the manufacturers are gradually over- 
coming many of the weaknesses inherent in previous 
designs, so that during the past year there were fewer 
failures. Several of the failures reported were due to 
the coil supports being too far apart or the coils not 
being properly braced. The manufacturers have in 
most cases remedied these defects and it is hoped that 
the changes made will entirely eliminate this trouble. 

A few failures were evidently caused by the thermal 
capacity being too small for the service. Both the 
operating companies and the manufacturers are taking 
the necessary precautions so as to prevent trouble of 
this nature in the future. 

High-Voltage Reactors. One manufacturer reports 
the new development of a high-voltage reactor which 
is applicable to high voltage tie lines. The windings 
are constructed and insulated in a manner similar to 
transformers and are immersed in oil and contained in 
steel tanks. : 

In order to get a straight line volt-ampere charac- 
teristic, the iron cores are omitted and to prevent the 
flux from passing into the tank and causing excessive 
losses, a short-circuited winding is placed adjacent 
to the walls of the tank. In water cooled reactors the 
copper cooling coils are utilized also for the flux shield- 


‘ing winding. 


Outdoor Reactors. One manufacturer reports that 
one of their first outdoor installations was made in 
1916. The performance of these and all others sub- 
sequently installed has been satisfactory. 

During the past year, another manufacturer has 
started to build outdoor reactors and it is reported 
that those that have been installed are operating suc- 
cessfully. 

Mechanical Strength of Reactors to Withstand Mag- 
netic Forces. One of the manufacturers of reactors 
reports exhaustive tests both at large power plants and 
with a 27,000 kv-a. generator specially built for the 
purpose of testing electrical apparatus under short- 
circuit conditions. The tests made with the generator 
were carried up to the point of destruction of the 
reactors. These tests clearly demonstrated the short- 
circuit stresses that the reactors were able to with- 
stand. 
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' Use of Shunting Resistors with Reactors. An ex- 
haustive investigation is being made by one manufac- 
turer of the effect of shunting the reactors with car- 
borundum resistors. It is their opinion that the 
resistors damp out oscillation and thereby clear the 
system of disturbances which might build up very high 
voltages. One large operating company reports the 
successful operation of about 50 indoor 18,200-volt 
reactors equipped with resistors. 

Losses in Reactors. During the past few years the 
cost of copper has been low and the cost of electrical 
energy high. As a result reactors can be economically 
designed with much. lower losses than previously. 
One of the big advantages is on account of the reactor 
being able to withstand overloads and short circuits 
for greater. periods of time. 

The committee is working on a standard specifica- 
tion for reactors and hopes to have something definite 
to report before very long. 

The committee expects to have three or four papers 
ready to present at one of the Institute meetings next 
year... Several of the papers will deal with the design 
features of reactors from the manufacturer’s standpoint 
and at least one paper will give the experience of an 
operating company with different types of reactors 
over a period of eight years. 


Subcommittee on Relays 
E. A. HESTER, Chairman 


In accordance with the decision reached at the first 
Protective Devices Committee Meeting of this year, 
which was held on October 14, 1921, the Relay sub- 
committee has been actively engaged in the prepara- 
tion of.a paper utilizing the information collected from 
the replies to a questionnaire sent out by the previous 
sub-committee. In order to facilitate this work, an 
editing committee was appointed consisting of two 
operating and two manufacturing company represen- 
tatives. On account of the fact that some of the in- 


formation contained in this questionnaire was at least. 


a year old it was found necessary to get into com- 
munication with most of the reporting companies and 
request up to date data on the various schemes which 
were reported. Information was also requested on any 
senemes which might have been installed since the 
original reply was made. 

In addition to the data obtained from the question- 
naire, there were also incorporated in the paper sections 
on the calculation of short-circuit currents, approved 
practises in relay application and notes on settings and 
tests. At the suggestion of some of the members of 
the Protective Devices Committee a section on methods 
of keeping records of operation were also included. 

The question of cooperation with the Apparatus 
Committee of the National Electrie Light Association 
in the preparation of a Relay Handbook has also been 
active. Mr. C. H. Sanderson of the New York Edison 
Company has been appointed Chairman of the N. E. 
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L. A. Relay subcommittee -and is to-cooperate with 
the Chairman of the A: I. BE. E.. Relay subcommittee 
in this work. The Chairman of the Apparatus Com- 
mittee and Protective Devices Committee with the 
Chairmen of the two subcommittees held a -meeting 
in January and decided to prepare a tentative outline 
of the handbook as the first step in this work. Such 
an outline has been prepared and submitted to the 
various interested persons. On account of the work 
on the paper the A. I. E. E. Relay subcommittee 
has not had an opportunity of actively engaging in 
this work but now it is hoped that with the. paper 
completed, the work may proceed more rapidly. It is 
intended to have the handbook completed some time 
this fall. ; 

There are several questions which have been docketed 
for future study by the Relay subcommittee. These 
are as follows: 

1. Protection of high voltage underground cable. 

2. .Further study of the use.and merits of split 
conductor cable. ORNS «5 

3. Apparatus protection. Former studies have 
been largely on transmission line relays. It is pro- 
posed to make a study of protection of generators, 
transformers, rotary converters, etc., and possibly to 
present a paper covering the investigation. 

4. Special relay applications, such as those used in 
automatic and remote controlled stations. 

5. Further study in standardization. A former 
subcommittee . proposed’ a standard nomenclature 
for relays. This has been adopted by the Standards 
Committee, and there now seems to be a need for some 
standard form of symbols to represent various relays 
in single line schematic and detail diagrams. It is 
proposed to suggest a list of suitable symbols and if 
approval can be obtained, to use them in the N. E. 
L. A.—A. I. E. E. handbook. 

H. R. Wooprow, Chairman 


COMMITTEE ON ELECTROCHEMISTRY 
AND ELECTROMETALLURGY : 


To the Board of Directors: 

This committee has not been active for some years, 
due principally to the facts that the subjects falling 
properly within its scope are more advantageously 
treated on the chemical and metallurgical sides than 
on the electrical, and have, therefore, been much more 
actively dealt with by some of the other engineering 
societies, notably the American Electrochemical Society 
and the American Institute of Mining and Metallurgical 
Engineers. At the outset this situation was discussed 
with the various members of the committee, of whom 
five showed an active interest in the work, 

This discussion brought out in general that the use 
fulness of this committee lies principally in stating from 
time to time the status of the art, with particular 
reference to the power side, as even those members of 
the Institute who are furnishing electrical equipment 


- 
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to electrochemical industries do not seem very familiar 
with the essentials of the processes in which thé power 
is used. It seems desirable at this time to make a 
general resumé of the various branches of the industry, 
giving a detailed statement of power requirements, and 
it is suggested that a symposium be arranged, a page or 


two being contributed by each of a number of men: 


specializing in the various processes coming under this 
heading. . 

A second possibility for work on the part of this com- 
mittee covers the subject of electrochemical corrosion 
to underground structures. This is a subject which has 
been neglected by the sister societies, due probably to 
the fact that it is a matter chiefly interesting public 
utility companies and in a sense parallel to inductive 
disturbances which fall exclusively within the province 
of the A. I. E. E. 

It so happens, however, that there has been a special 
joint committee for a number of years working on this 
subject, a preliminary report of which has been recently 
published in bound form. It seemed to some of us that 
a public discussion of this report would be advantageous 
to all concerned, but this was opposed by the chairman 
of this special committee and at the present writing the 
President of the Institute has not come toany conclusion 
as to the desirability of action, although personally he 
appears to be in favor of it. 

Discussion along the general lines of the conversion 
of chemical into electrical energy appears to belong, in 
the opinion of most of this committee, within the 
province of the Electrochemical Society. This, there- 
fore, eliminates the discussion of the various forms of 
batteries as such, although leaving open their applica- 
tion, as, for instance, the use of storage batteries in 
power plants. 

Altogether the most promising line of work for next 
year’s committee would appear to be the preparation 
of the general symposium suggested earlier in this 
report. 

LAWRENCE ADDICKS, Chairman 


COMMITTEE ON TRANSMISSION 
AND DISTRIBUTION 


To the Board of Directors: 

The Committee on Transmission and Distribution 
submits its report for the year 1921-1922 under the 
following headings: 

1. Report of the Cable Research Committee. 

2. General Review of Construction Problems in 

Overhead Transmission and Distribution. 


8. Underground Distribution Practise on Edison 


D-C. Systems. 
4. Testing of Underground Transmission and Dis- 
tribution Cables. 
5. Foreign Practise in Transmission and Distri- 
bution Systems. — 
6. Review of Papers Submitted During the Year. 


As in previous years and in line with the action taken 
by the Board of Directors:a year ago, the report of your 
Committee summarized under the various headings 
records the historical progress made in the field covered 
by the committee, and secondly, indicates the direction 
in which future progress may be expected. 

Your chairman desires to make particular reference 
to the report of the Cable Research Committee, which 
has been working jointly with the Underground Systems 
Committee of the National Electric Light Association. 

In the matter of overhead transmission and distri- 
bution, as well as several of the other subjects in the 
report, the work was carried on by subcommittees ap- 
pointed to investigate each particular topic and to con- 
fer with other engineering societies to obtain their 
views and as far as possible, to outline the tendencies 
in the entire field of transmission and distribution. 

The section of the report dealing with foreign practise 
is the result of a questionnaire sent by Mr. C. T. Wilkin- 
son, an English member of the Committee, to prominent 
engineers who are in close touch with European trans- 
mission and distribution problems. 


REPORT OF THE CABLE RESEARCH COMMITTEE 

During the past year, one American company has 
installed some three-conductor cable for operation with 
a normal working pressure of 338 kv. Other companies 
are seriously contemplating the installation of single 
conductor cable for three-phase transmission at 40 kv., 
60 kv. and 66 kv. respectively. In the first case, the 
company is transmitting the energy from a generating 
station in one of the large cities to their surburban 
districts. In the other-two cases the companies are 
receiving the current from overhead transmission lines, 
but on account of the objections to these high voltage 
lines in the thickly settled portions of moderate sized 
cities, they are proposing to use underground cable for 
transmitting the current directly to the distributing 
substations located in the center of the city. This plan 
will eliminate the extra step-down transformer sub- 
station at the city limits, which would otherwise be 
necessary. It is also reported that an English manu- 
facturer has taken an order for ten miles of 55,000-volt 
three-conductor cable for use in Holland and also has 
completed and has on test a single length of 60,000-volt 
three-conductor cable. 

In connection with these several propositions, it may 
be well to review our present knowledge and state of the 
art in this country with a view of determining to what 
extent the various elements in the design and construc- 
tion of cables will limit the voltage. 

1. Dielectric Losses. On this subject a number of 
papers has been presented to the Institute in recent 
years which have included examples showing the 
reduction in dielectric losses. The leading manufac- 
turers in this country are now prepared to make die- 
lectric loss guarantees on three-conductor cables up to 
33 kv. normal working pressure, and on single-conductor 
cables for somewhat higher pressures. In the cables 


$36 TECHNICAL COMMITTEE ANNUAL REPORTS 


having high dielectric loss, the maximum permissible 
operating temperature is determined by the tempera- 
ture at which the heating of the cable due to dielectric 
loss becomes cumulative. For low dielectric loss cables, 
the limiting temperature is that temperature which will 
cause permanent deterioration of the impregnated paper 
insulation. 

It is now possible to get lead-covered cable with 
impregnated paper insulation and with a dielectric loss 
so low that this feature will not be the determining 
factor in limiting the voltage. 

2. Maximum Permissible Operating Temperature 
of Impregnated Paper Insulation. The maximum per- 
missible temperature for impregnated paper insulation 
in lead-covered cables is set forth in the Standards of 
the Institute as 85 deg. cent., while for similar material 
in electrical machinery, the limiting temperature is 105 
deg. cent. This subject has been discussed in the com- 
mittees of the Institute for a number of years, and a 
symposium of papers was presented at the Midwinter 
Convention in 1921. The views expressed at that time 
were so widely divergent that the Standards Committee 
decided that there was no hope of reconciling the conflict- 
ing views of the various engineers without additional 
data. The Research Subcommittee, has, therefore, 
arranged during the past year for a research investi- 
gation on this subject to be conducted by the Massa- 
chusetts Institute of Technology under the supervision 
of the committee. This work has been started and it 
is expected to continue over a period of about three 
years. The funds are being contributed by the N. E. 
L. A. and A. E. I. C. 


For single-conductor cables intended for a normal 
working pressure of 66 kv. between conductors, the 
pressure to ground would be about 38 kv. and the maxi- 
mum copper temperature according to the Institute 
Rules would be 85 deg. minus 388 deg. or 47 deg. cent. 
While this is about the same as the English practise for 
armored cables buried directly in the ground, it would 
be considered rather low in this country for cables to be 
installed in conduits, and particularly so if there were 
other loaded cables in the same conduit. Apparently 
it will be necessary to operate such cables at a very low 
current density or operate the cables at temperatures 
materially higher than those permitted by the Institute 
Rules. A number of the larger American companies 
however, are now operating their transmission cables as 
well as their low tension cables at temperatures appreci- 
ably above those permitted by the Institute Rules and 
without signs of depreciation of the insulation. It is 
suggested that this Institute Rule should be revised 
upward to correspond with the advances in the art. 

8. Maximum Safe Dielectric Stresses. In the past 
we have apparently confused troubles due primarily 
to dielectric losses and dielectric stresses. A sympo- 
sium of papers on this subject was presented at the 
June Convention. One of these papers indicates quite 
definitely cable failures due to dielectric stresses are 


quite rare. In Table I are given data on high voltage 
cables in this country and in several foreign countries, 
from which it will be noted that a number of foreign 
cables are operating at dielectric stresses materially 
higher than any that are used in this country. This 
tabulation has been made from data secured from a 
number of sources; the data regarding the English 
cables have largely been published in the English 
technical press and the statements indicated that the 
33 kv. cables were being installed for ultimate operation 
at that pressure, but most of them were being operated 


TABLE I 
DATA ON HIGH-VOLTAGE CABLES 


Maxi- 
mum 
dielec- 
tric 
Thickness of | be- 
Nor- insulation | tween 
mal ——_—_—————__} con- 
oper- | Size of | Con- duct- 
ating | conduc- |ductor| Belt | tors | Stress 
volt- tor kv. per} to 
Location Date] age cm. |Inches|Inches} cm. |sheath 
1 iGhicago.....5..- 1921 | 33,000} 350,000 |0.297 |0.11 | 29.4 | 26.7 
Sb ULL ere aroha 1900 | 25,000} 66,400 |0.281 |0.125| 32.8 | 27.2 
3 Manchester..... 1921 | 33,000} 382,000 |0.25 |0.25 | 32.3 | 22.8 
4 Birmingham..... 1921 | 33,000] 255,000 |0.25 |0.25 | 34.6 | 24.4 
5 English Cable... .| 1921 | 33,000) 95,500 |}0.25 |0.15 | 41.5 | 33.6 
6 Normandy...... 1914 | 33,000} 79,000 |0.216|0.216| 47.3 | 33.4 
Ti ALIS pavaataelewtee 1921 | 60,000) 295,000*, 0.538 ile oe 40.5 
8 Erith (England)..| 1921 | 33,000] 320,000 |0.25 |0.25 | 33.6 | 23.4 
9 Rome.......... 1913 | 30,000} 39,500 |0.473 Tt 47.7 
10 Florence........ 1916 | 40,000} 148,000*| 1.18 ahs 22.3 
11 Turin........./.] 1916 | 38,000] 138,000*| 0.67 oa 28.7 
LD Turin yas tea: :| 1917 | 38,000} 99,000*| 0.646 ee 31.4 
IS ROMO Navan cers 1919 | 30,000) 49,400 |0.630 T: 38.7 
14° Naples. sc. cccs 1919 | 32,000/ 237,000 | 0.590 t 30.6 
U5 Rome, . kien « 8 1920 | 30,000} 59,000 | 0.552 if 39.8 
16 Barcelona....... 1914 | 50,000} 99,000*) 0.552 ys 45.1 
17 Clyde Valley.... 33,000! 237,000 | 0.512 t 34.4 


Sources of information: 
1, 3, 5, 7 Private sources. 
2 Transactions, A. I. E. E., Vol. XVII, 1900. 
4 London Electrical Review, April 22, 1921, Page 528. 
6 M. Delon at N. E. L. A. Convention 1921, discussion on Under- 
ground Systems Report. 
8 Electrical Times (London), Sept. 29, 1921. 
From Mr. Guido Semenza, Milan, Italy. 
has sector shaped conductors; all others are round. 
Dielectric stresses calculated according to Davis & Simon 
(Journal A. I. E. E., January 1921). 
*Single conductor cables. All others are 3 conductor. 
tNot given. 


at the start at a lowervoltage. The best information 
obtainable however, is that at least one of these cables 
is now operating 33 kv. .The statement is also definitely 
made that the 33 kv., three-conductor cable in Nor- 
mandy has been in actual operation since 1914. The 
single-conductor cable at Barcelona, Spain, has also 
been in operation at 50 kv. normal working pressure 
since 1914 without any cable failures except one caused 
by electrolysis. 

In an Institute paper several years ago the statement 
was made that when the dielectric stress exceeded 20 
kv. per centimeter, ionization would occur. Shortly 
afterward a paper appeared in the technical press giving 
a list of cables that had been in operation for a number 
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of years in this country at materially higher stresses. 
One of them, the 25,000-volt cable on the St. Croix-St. 
Paul transmission line, is given in the above table. 
Engineers are not in accord as to the maximum per- 
missible dielectric stress nor which particular die- 
lectric stress it is that is the limiting feature in high- 
tension cable design. Some engineers think that it is 
the maximum stress next to the conductor, but others 
think that it is the average stress, that is, the total volt- 
age divided by the thickness of insulation. An English 
engineer contends that the limiting stress is determined 
by the stress next to the lead and published some data 


mendations for impregnated paper or varnished cambrie 
insulation. In 1920 the N. E. L. A. Underground 
Systems Committee included in its report a tabula- 
tion of thicknesses of insulation being used by the 
larger operating companies throughout this country. 
These thicknesses varied over a rather wide range, and 
accordingly the committee secured from the American 
manufacturers their recommendations for the thickness 
of impregnated paper insulation for various sizes of 
conductors and working voltages. These recommended 
thicknesses are shown in Figure 1. In the same figure 
are also shown the recommendations of the British 


THICKNESS OF INSULATION 
RECOMMENDED BY CABLE MANUFACTURES 


FOR THREE CONDUCTOR CABLES 
TO CABLE RESEARCH SUBCOMMITTEE 


LEGEND 


THICKNESS OF INSULATION BETWEEN CONDUCTORS - MILS 


~ British Engineering Standards 
Safety Insulated Wire & Cable Co. 
General Electric Company 


John A.Roebling’s Sons Co. 
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~ Simplex Wire & Cable Co. 
X Recent American Practice 
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American Steel & Wire Co. 
Habirshaw Electric Cable Co. 
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which appeared to support his theory. With such 
widely divergent opinions, we are apparently not pre- 
pared at this time to set the exact limit of dielectric 
stress that is permissible, but we can be guided how- 
ever, by the stresses that are found on cables that have 
been in successful operation for a number of years. 
Our information along this line should be considerably 
extended if in the future we are to design high-voltage 
cables scientifically with the thickness of insulation 
properly proportioned to the working voltage. 

4. Thickness of Insulation. The Standards of the 
Institute give recommended thicknesses of rubber 
insulation for various sizes of conductors and working 


voltages, but they do not include any such recom-— 


Engineering Standards Association, several examples of 
ordinary English practise, the thicknesses being used 
by one of the larger American operating companies, and 
also the thickness being used by one of the. aa 
English companies for 20,000-volt cable. 

From this figure it will be noted that ordinary 
English practise is appreciably below the minimum 
recommended by any. American manufacturer, and 
also that the recent thickness adopted by one English 
company for 20,000-volt cable is 25 per cent below 
their previous practise, and about 30 per cent below 
ordinary American practise. In Italy the high voltage 
cables apparently have about the same thicknesses of 
insulation as are used in this country. 
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English practise for the installation of underground 
cables calls for the cables to be made up with steel armor 
and jute covered and laid directly in the ground. Their 
conditions for the radiation of heat from the cable are 
therefore very much better than in the ordinary Ameri- 
can practise of cables installed in conduits. According 
to the best information obtainable the English operating 
companies carry about the same loads on the various 
sizes of three-conductor cables as are customary in this 
country, but because of the improved facilities for 
radiating the heat, their maximum operating tempera- 
ture of the copper is about 50 deg. cent. The die- 
lectric losses in their cables are about the same as the 
best American practise, and at this low temperature, 
cable failures due to cumulative heating caused by the 
dielectric losses do not occur. It appears therefore, 
that when the failures due to dielectric losses are elimi- 
nated, that English engineers and operating companies 
think that they are entirely warranted in reducing the 
thickness of insulation materially below those that 
have heretofore been considered necessary. 

Two American manufacturers have been operating 
experimentally, at about double voltage and at room 
temperature, short lengths of three-conductor cable 
made from operation at 33 kv. One of these companies 
reports that after three months continuous operation a 
case of trouble occurred in one of the cable bells. This 
trouble was repaired and the cable again placed on test. 
Cable bell trouble has also been repeatedly experienced 
in endeavoring to make dielectric strength tests on the 
same cable, and tests which have been carried up to 212 
kv. have been limited by trouble in the cable bell and 
without causing a failure in the cable. A dielectric 
strength test of five times normal working pressure is 
considered by some engineers as a necessary test for 
their three-conductor cables. If the cable bells are 
not to be the weak feature of the line, then they should 
be able to withstand the same test, and if it is impossible 
to go materially above 200 kv. in a three-conductor 
cableb ell, then this may place the limit on three-con- 
ductor cables at about 40 kv. 

5. Dielectric Strength Test. The Standards of the 
Institute mention dielectric strength tests on cables, 
but cover only the maximum length of the sample to 
be tested and the limiting temperatures. The rules 
also specify the test voltage to be applied to full reels 
of varnished cambric and impregnated paper cables at 
the factory, but there is nothing in the Rules to give 
the ratio between the dielectric strength test and the 
high voltage test applied to full reels. If it is the in- 
tention that the Standards of the Institute will pre- 
scribe tests which will determine whether or not the 
cable is satisfactory for the proposed working voltage, 
then it is submitted that the rules should include a 
dielectrié strength test so as to insure that the cable has 
a proper factor of assurance. 


6. Impregnation of Paper Insulation. Some years 
ago practically all American manufacturers used a 
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vegetable oil base compound for impregnating the paper 
insulation, and generally these were rosin oil com- 
pounds. Cables with paper impregnated with these 
compounds were entirely satisfactory for the lower 
working voltages, but in their efforts to reduce the 
dielectric losses, the leading American manufacturers 
have gradually changed to a mineral oil base compound. 
About three years ago the percentage of vegetable 
compound, as shown by the saponification test, ranged 
from 0 to 35 per cent, while at the present time the 
maximum is about 10 per cent. 

Practically all manufacturers now use the vacuum 
process of drying and impregnating, but a number of 
auxiliary methods are in use by the different manufac- 
turers for the preliminary heating of the insulation for 
the purpose of removing the moisture. These im- 
proved methods of drying and impregnating have 
served to increase the uniformity of the product as 
compared with the older open tank methods of impreg- 
nation. With the older methods there would occasion- 
ally be found a small spot sometimes a few feet long in 
the center of a length of cable where the paper insula- 
tion was entirely devoid of any suspicion of impregna-. 
ting compound. Such spots of dry paper are not 
found when the vacuum process of drying and impregna- 
ting is used. 

Impregnating compounds enter the pores of the 
paper rather. slowly, even under the most favor- 
able conditions. When the cable leaves the factory it 
generally shows a considerable excess of compound in 
the interstices of the stranded conductors and between 
the layers of paper and throughout the fillers. After 
the cable has been operated at moderate temperatures 
for a number of years, this excess disappears. Engi- 
neers who have investigated such cable and removed the 
impregnating compound by means of a solvent, report 
that there is just as much impregnating compound in 
this impregnated paper that is apparently dry, as there 
was in the original cable showing the excess compound. 
It is also alleged that this excess is due to the fact that 
the paper will absorb only about 90 per cent of the total 
possible amount of compound during the time that the 
cable is in the impregnating tanks. It is suggested that 
with the tendency to higher operating voltages for 
underground cables it may be found desirable to have 
some excess:compound inside the lead sheath so as to 
prevent ionization troubles. 


One foreign manufacturer is using a thin transformer — 
oil for the impregnating compound and finds that in this 
way he can get very low dielectric losses. Some 
American manufacturers have been aware that very low 
losses could be obtained in this manner but have not 
pushed the use of this compound as they did not con- | 
sider that the cable would be entirely satisfactory in 
other respects. In addition, it is to be noted that the 
lowest losses reported with the use of this thin trans- 
former oil are not materially below the minimum losses 
which have been reported by one American manufac- 
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turer with a mineral base compound. It, therefore, 
appears that the American manufacturers should 
continue their recent improvements in methods and 
materials for the impregnation of high voltage cables, 
and exhaust the possibilities for reducing the dielectric 
losses by these means before attempting the use of a 
very thin impregnating compound. 

7. Depreciation of Impregnated Paper Insulation. 
In order to determine the maximum permissible 
temperature for impregnated paper insulation, when 
subjected to heat alone, and also when subjected to heat 
and dielectric stresses in combination, it is necessary to 
devise some laboratory tests which will serve to measure 
the depreciation of the insulation. This question, while 
apparently simple, is in reality a very awkward problem. 
If the cable is to be allowed to remain indefinitely in the 
position where first installed, then it might not matter 
for low voltage cables whether the insulation has become 
somewhat brittle or charred, but changes in the loca- 
tion of substations or the shifting of business, or changes 
in the methods of distribution frequently require that 
cables should be removed and reinstalled in another 
location. In such an event, it would be necessary for 
the cable to be bent in order to remove it from the man- 
holes and place it on a reel and again to unreel it for 
installation in a new location. Apparently, therefore, 
the cable should be able to pass a bending test without 
serious injury to the insulation. 

A careful comparison of many types of cables does 
not reveal any single property of the paper insulation 
which will check with the bending test. Of the various 
tests such as tensile strength, tearing strength and fold- 
ing endurance, the latter appears to be the most useful 
as indicating the toughness of the paper. The tests 
appear to indicate that if the impregnated paper insu- 
lation will stand, say, 1000 double folds in the folding 


- endurance test, then the cable will pass the bending test 


without difficulty, but if the folding endurance is only 
a few hundred double folds, then this test gives indefi- 
nite results, that is, the cable may or may not pass the 
bending test. Apparently other factors are involved 
such as for example, the relation of the width of the 
paper to the diameter to which it is applied, the tension 
on the paper, and the amount of lap. The latter 
variable can be eliminated by applying the strips of 
paper without lap, and several American manufacturers 
are now making their high voltage cables in this manner. 


This subject of depreciation of the impregnated paper 
insulation is one of the problems now being investigated 


by the Massachusetts Institute of Technology as a> 


preliminary step in the studies to determine the maxi- 
mum permissible operating temperatures with and with- 
out dielectric stresses, and the committee would wel- 
come discussion or suggestions from engineers who have 
had experience along these lines. 

8. Sheath Losses in Single-Conductor Cables. When 
single-conductor lead covered cables are used for the 
transmission of heavy alternating currents, the lead 


sheath acts as a secondary of a current transformer, of 
which the primary is the main conductor. In order to 
prevent high voltages between the lead sheaths of the 
cables, it will be necessary to bond the lead sheaths at 
frequent intervals probably in every: manhole. The 
resulting sheath currents may reduce the carrying 
capacity of the cables by 10 or 15 per cent, the amount 
of the reduction depending upon the spacing of the 
cables, the thickness of the insulation and the size of 
the conductor. The losses in the lead sheaths must also 
be taken into consideration in calculating the efficiency 
of the transmission as in amount they may be greater 
than the dielectric losses. The amount of data here- 
tofore published has been insufficient to make accurate 
calculations of these losses and it is suggested that such 
additional data as may be available should be published 
in the JOURNAL. 


GENERAL REVIEW OF CONSTRUCTION PROBLEMS IN 
OVERHEAD TRANSMISSION AND DISTRIBUTION 


The outstanding features of the present status of 
overhead construction are the continued tendency to- 
ward higher voltages, both in transmission and distri- 
bution, and the improvements in construction methods 
as a result of standardization in materials and design. 

Supporting Structures. Steel towers continue to be 
standard practise for extra high voltage transmission 
lines, especially for the more important trunk circuits. 
Single circuit flat, single circuit triangular and twin 
circuit double vertical are the configurations most 
generally employed, the selection depending on. the 
particular condition to be met. For the very high 
voltage lines, special designs are required for anchor 
and transposition towers. The testing to failure of full 
sized sample towers is often justified in new designs. 

Narrow base steel poles continue to be utilized in 
some sections of the country as substitutes for both steel 
towers and wood poles. They are especially applicable 
to high voltage or extra heavy work along city streets. 

Special high elastic limit steel has recently been 
employed in the construction of both towers and narrow 
base poles with economical results. 

Wood poles continue to be used very largely not only 
for distribution but also for the more moderate voltage 
transmission lines up to and including 66 kv., and there 
are in this country a number of excellent examples of 
wood pole transmission lines at considerably higher 
voltages. Single wood poles are generally employed 
for wood pole transmission lines where the voltage is 66 
kv. or lower and the spans are under 500 feet; beyond 
these limits because of the greater clearances and 
strengths required, it is customary to employ two-pole 
A or H-frame construction. 

_ The guying of narrow base steel poles and of wood 
poles, especially on higher voltage lines, is receiving 
increased attention, particularly guy insulation, in- 
volving as it does a combined mechanical and electrical 
hazard, has been subject of much careful consideration. 
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Changes in economic conditions have necessitated 
changes in wood pole specifications and this year the 
new tentative specifications of the National Electric 
Light Association will make their appearance. They 
differ essentially from the old specifications in providing 
a larger number of classes from which selections may be 
made. 

With the increased cost of wood poles, butt treat- 
ment is receiving the consideration which it deserves. 
It is now clearly recognized that the open tank treat- 
ment is a measure fully warranted economically on the 
more durable timbers, such as cedar and chestnut; 
while on those woods which tend to decay above the 
ground line, a pressure treatment of the entire pole is 
advisable. Operating companies are realizing that 
there are no excessive complications involved in the 
open tank treatment and that the greater length of life 
fully justifies this treatment in comparison with the 
relatively inadequate brush treatment. 

During the past several years various companies along 
the southern border have come to realize that much of 
the pole deterioration which has heretofore been loosely 
termed ‘‘rot’’, is in fact not a true fungus rot, but is 
caused by the depredations of insects, particularly 
termites or white ants. The protection of poles from 
termites and the saving of poles already attacked offers 
an interesting field of research in which valuable work 
may be done. 

Insulators. In a general way it can be said that the 
manufacturers have made good their claims of the past 
several years that insulators of the latest manufacture 
are not subject to the rapid depreciation which was the 
cause of such concern a few years ago. Both in sus- 
pension and pin type insulators, perfected methods of 
design, manufacture and inspection have resulted in a 
more dependable and substantial product. Research is 
continuing unabated and we may expect in the not 
distant future to see even more useful and dependable 
designs, particularly in the line of high-strength, high- 
capacity units for extra high-voltage circuits. 

The use of static shields to effect the double purpose 
of equalizing the stress distribution over long strings of 
suspension insulators and to obviate cascading in case 
of flashover, is becoming general on extra high-voltage 
lines. 


Various new designs of pins for high-voltage pin type 
insulators are making their appearance on the market. 
In particular, the character of thimble is receiving 
close attention, it being well known that certain types 
utilized in the past have resulted in high- insulator 
depreciation, and that failures have been incorrectly 
attributed to insulators which were in reality initiated 
by the pins. 

A standardization of the rating of pin type insulators 
on a basis of leakage distance, flashover and other phys- 
ical characteristics, eliminating the nominal voltage 
rating, appears highly desirable. 

Increased attention is being given to insulator selec- 
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tion, as it has become evident to operating companies 
that in making a selection for any given line, close con- 
sideration must be given to climatic and economic 
conditions. The degree of over-insulation which is 
advisable or necessary, obviously depends on the 
relative importance of continuity of service on the 
particular line in question and the climatic conditions 
under which it will operate. In particular, the fre- 
quency of occurrence of lighting, temperature ranges, 
both daily and seasonal, humidity, the frequency of 
cleansing rains and the presence of wind-carried salt 
spray, dust or the fumes of industrial plants, must be 
given close consideration. It is only: too evident that 
many of the insulator failures of the past have been due 
to incorrect selection, to an acceptance of a catalog 
rating which at best can be only nominal since it ignores 
the important variables mentioned above. 

Engineers who have given the insulator much study 
believe that the insulator unit for 220 kv. should be 
larger, so that the number of units may be reduced to 
about the same number as now used for 100 kv. The 
following are desirable features for any new insulator 
design: 

1. Length of unit increased to give larger arcover 
per unit, will use porcelain puncture value to better 
advantage; and give about 50 per cent more leakage 
length per given length or string, due to the elimination 
of one-half the metal connectors. 

2. The reduction of the number of units gives much 
better natural potential distribution and simplifies 
shield problem.” 

3. The arrangement of porcelain to metal parts 
should be such as to reduce air and leakage stresses 
and eliminate corona. 

4. Porcelain surfaces should be arranged to facili- 
tate cleaning by storms and so arranged as to break 
up the continuity of water streams, which may result 
from rain, dew or fog. 

Conductors. But little change is noted in the line 
conductor situation. Copper, copper-clad _ steel, 
aluminum, steel-cored aluminum and steel continue to 
be most largely used. For extremely high-voltage 
lines the nature of the conductor is often determined by 
limitations of corona. 


Increased attention is being given to copper quality. 
Many companies have found, both for transmission 
and. distribution purposes, that medium hard drawn 
copper has many of the advantages of hard drawn, with- 
out its corresponding disadvantages, and therefore are 
standardizing on this quality for all overhead purposes. 


Close attention is being given to stringing and sag- 
ging, various methods using dynamometers or sighting 
targets, being employed. The attachment of conduct- 
ors to either pin or suspension type insulators is being 
given careful consideration. Some form of shim is 
usually found advisable between conductors and sus- 
pension insulator hangers. Full flexibility of suspen- 
sion strings in all directions at the tower support has 
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been found desirable, conductor breakage having been 
noted where the lateral motion was restricted. Sleeves 
or other mechanical connectors, avoiding the use of 
solder, long standard on aluminum conductors, are 
found equally desirable where copper conductors of 
other than annealed grade are employed. 

Miscellaneous Line Hardware. Standardization of 
line hardware and miscellaneous appliances continues 
to go forward under the auspices of the National Elec- 
tric Light Association and much useful work is being 
done along this line. 

Tine Sectionalizing and Protective Devices. With 
increased voltages it is logical that line protective and 
sectionalizing devices, including fuses, switches and 
lightning arresters, should receive more careful con- 
sideration. Many new and useful devices are con- 
stantly appearing on the market, and operating com- 
panies now find available a wide selection for any volt- 
age or character of service. Air and oil break switches 
have improved materially in the last several years. 
Fuses, particularly for the higher voltages, continue to 
be a source of difficulty, and some useful research work 
remains to be done thereon. 


Construction Progress. 'The past year has seen the 
completion of the highest voltage transmission line to 
date, this being the 165-kv. line of the Great Western 
Power Company from Caribou to Valona, California, 
a distance of 199 miles. Likewise, the year has wit- 
nessed the first actual construction of lines to operate 
ultimately at 220kv. The Pacific Gas & Electric 
Company of San Francisco has under construction a 
220-kv. line from Pit River Power house No. 1, in 
Shasta County, to Vaca in the Bay region, a distance 
of 202 miles. 


The Southern California Edison Company has begun 
the remodeling of its two Big Creek lines, from Big 
Creek to Eagle Rock, a distance of 241 miles, for 220 
ky. operation. These lines are now operating at 150 
ky., but the increased power to be transmitted renders 
the raising of the voltage imperative. It is interesting 
to note that the Southern California Edison Company 
has already had in operation, 27 miles of one of the Big 
Creek lines at 280 kv. and 240 kv. for experimental 
purposes. This experimental operation was unusually 
successful, and demonstrated that the addition of a 
static shield would make feasible, operation at the 
higher voltage without increased insulation. 


Not only do transmission voltages continually show 
an upward trend, but likewise there is noted a tendency 
toward increasing the voltage of distribution lines. 
Increased loads and areas covered have finally made 
evident the inadequacy of the customary 2300-and 
4000-volt circuits for many distribution problems, with 
the result that 6.6, 11, 13.2 kv. and higher voltages 
are now entirely standard in many districts for purely 
distribution purposes. This is a logical outgrowth, 
first, of the higher voltage agricultural lines, for many 
years thoroughly standardized in the far west; and 
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second, of the urban substation to substation moderate 
voltage transmission lines, which it became frequently 
necessary to tap for larger power customers during the 
war period. The result has been that companies have 
become familiar with the economic advantages of true 
high voltage distribution lines, stepping down directly 
to the customer’s service voltage without the inter- 
position of subsidiary voltages. For such lines auto- 
matic induction regulators and other distribution 
devices are rapidly becoming standardized and in the 
not distant future we may expect urban and suburban 
distribution at voltages above 10 kv. to be an ordinary 
procedure. 

The rural line problem continues to be largely an 
economic one. The types of construction which should 
be used are well known; the difficulty lies in justifying 
proper construction for the scattered business involved. 


UNDERGROUND DISTRIBUTION PRACTISE ON EDISON 
D-C. SYSTEMS 


Low-Tension Feeder Cable. With the relatively 
steady increase in density of Edison loads, it has been 
found desirable to increase the size of feeder conductors 
to as large a figure as may be installed safely, or as the 
existing ducts will admit. 

In all but a few of the largest systems the cables 
contain no pressure wires. Pressures at the feeder 
junction boxes are frequently taken over special multi- 
conductor pressure cables, or in some cases calculated 
drops are used to estimate what voltage may be de- 
livered at the feeder terminals. 

The use of self-contained pressure wires in the feeder 
cables is quite generally opposed, for the reason that 
experience has shown that these wires are a very general 
source of failure; but where the use of this type of 
cable has persisted it has been found possible to elim- 
inate the possibility of failure due to poor cable design, 
which was the fundamental cause of dissatisfaction. 

A very decided point in favor of the use of feeder 
cables containing pressure wires has resulted from the 
adoption of circuit breakers to be installed in the junc- 
tion box at the feeder termination. These circuit 
breakers are connected through one of the pressure 
wires so that they may be tripped either by closing the 
switch in the substation or as the result of the pressure 
wire being energized when a fault occurs in the cable 
itself. 

This arrangement gives instant notice of develop- 
ment of serious grounds throughout the length of the 
cable, and since its general adoption it has practically 
eliminated serious feeder cable burn-outs. 

Edison Mains. The divergence in opinion and 
practise as to type and sizes of cables to be used for 
mains seems to be greater than in any other matter. 
Some companies use rubber insulated cables exclusively, 
whereas paper insulation is the standard of by far the 
larger number of companies. 

The sizes of mains cable conductors generally range 
from 200,000 em. to 2,000,000 em. In many cases 
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so-called ‘“‘sub-feeders’” of 1,000,000, 1,500,000 and 
2,000,000 em. are used to interconnect junction boxes 
without serving as supply for customers directly at all. 
In other cases the largest mains never exceed 500,000 
cm., with the majority of the installation being of 
only 200,000 cm., and as these small mains are still 
giving adequate service on some of the largest systems, 
the question of whether the service given by the larger 
mains is commensurate with their cost, is very pertinent. 

Junction Boxes. The practise as to when junction 
boxes are to be used is non-uniform to a large degree, 
and in this particular the tendency seems to be toward 
a still greater difference. Where Edison tube is used 
extensively it is agreed that junction boxes must be 
used frequently so as to provide suitable test points, 
but where cable in ducts is used the necessity for this 
is less apparent. Many companies have continued to 
use junction boxes with cable exactly as had been done 
with tube, while others have definitely abandoned the 
use of junction boxes except as feeder terminations,— 
and excepting always, existing tube. Practise and 
experience in this case have shown conclusively that 
there is no greater hazard evident without the junction 
box than with it for cable main systems. 

Fusing Feeders and Mains. There is little or no 
change being made apparently in regard to whether 
mains and feeders are to be fused or not. Those com- 
panies which have always fused both mains and feeders, 
fear to change; those that have fused mains only, see 
no advantage in changing, but feel that they should 
not fuse the feeders in order to insure more continuous 
service, and those that have never fused either feeders 
or mains will not now install fuses, as it is their opinion 
that fuses would cause a definite lowering of their 
standard of service maintenance. Some of the engi- 
neers feel that it is better to have the fuses blow out 
than to burn the cable open, while the others feel that 
service should be maintained as long as possible regard- 
less of overload conditions that may exist during an 
emergency. No definite agreement on this phase of 
operation seems to be possible because of the decided 
difference of opinion concerning the fundamentals 
involved. 


TESTING OF UNDERGROUND TRANSMISS:ON AND 
DISTRIBUTION CABLE 


As pointed out in the report of last year, this subject 
can be sub-divided as follows: 

1. Testing at factory. 

2. Independent laboratory testing by independent 
laboratories. 

3. Acceptance inspection and tests. 

4. Testing of installed cable. 

1. Testing at Factory. Research work on the part 
of manufacturers is being carried on although there 
has been some temporary retrenchment in this direc- 
tion by some of the manufacturers because of business 
conditions. On the other hand, certain manufacturers 
who had not done much research work heretofore are 
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making relatively extensive preparations to do so. 
The general conditions in this respect are very satis- 
factory and much progress is promised for the near 
future,—a condition which could not have been said 
to be the case, so far as power cables are concerned, a 
few years ago. All of the progressive manufacturers 
are not only doing research work looking toward im- 
provements in cable as a whole, but they are exercising 
more systematic control over the routine manufacturing 
processes and are giving more systematic attention to 
minor details, all of which is having its effect in improv- 
ing cables in a very important respect, namely uni- 
formity. However, no striking developments as a: 
result of any of this research work have been announced 
during the year. 

The practise in regard to the routine factory tests of 
finished cable has not changed during the year except 
that dielectric loss testing of occasional whole reels of 
cable at high temperature is now a regular factory test 
with several manufacturers. 

2. Testing by Independent Laboratories. Research 
investigations by independent laboratories which have 
been completed or are now under way are referred to in 
connection with the report of the work of the Paper 
Insulated Cable Research Committee. 

Independent laboratories are being more and more 
utilized for: 

(a) Making the acceptance inspection and tests of 
cable being purchased under specifications. 

(b) Making check tests of samples of new cable 
where the purchaser has not made any factory inspec- 
tion or tests before acceptance and shipment. 


(c) Investigating samples from cables which have 
given trouble in service. The standard tests made in 
such an investigation of paper insulated cable include 
composition and physical properties of the paper 
(tensile strength, folding strength and tearing strength), 
dielectric loss-temperature characteristic, composition 
of impregnating compound, ratio of compound and 
paper in insulation, thermal resistivity of insulation, 
effect of bending and dielectric strength. 


3. Factory Acceptance Inspection and Tests. The 
specifications for paper insulated cable recently pre- 
pared by a joint subcommittee of this committee and 
the Underground Systems Committee of the N. E. L. A. 
are not only becoming more generally adopted, but, 
what is more important, more care is being taken by 
purchasers to see that the material supplied complies 
with the specifications. It has always been more or 
less customary for large purchasers to attach to their 
orders specifications which were more or less complete 
but more often than not, that was the only purpose 
which the specifications served. But. there is 
undoubtedly a trend toward uniform specifications, a 
simplification which has obvious economic and other 
advantages. . whe . 

There have bee nno innovations in the factory inspec-. 
tion and testing practise. The value of the bending 


TECHNICAL COMMITTEE ANNUAL REPORTS 


test has been demonstrated on several occasions. The 
practise of measuring the resistance of the conductors 
of each length of cable,—(a practise which has not been 
universal heretofore) has been found to be well worth 
while as a check of deficiency in area, excessively short 
lay and errors in measurement of length. Most of the 
manufacturers have provided facilities for making 
dielectric loss tests on whole reels of cable so that now 
an occasional whole section can be tested as a routine 
matter. 

The routine testing facilities of the manufacturers 
have, in general, kept pace with the advancement of the 
art, particularly, for example, in the case of dielectric 
loss tests, but there is one exception and that is facili- 
ties for making puncture tests of samples of cable. 
Operating voltages have risen to a point where samples 
of cables designed for such voltages, that is of the order 
of 33,000 volts and over, cannot always be tested with 
entirely satisfactory results due to either insufficient 
voltage being available or, what is more generally the 
cause, defective methods of preparing the ends and 
attaching the test leads. With still higher operating 
voltages being contemplated, this matter becomes more 
important and it is therefore obvious that the manu- 


facturers have an immediate problem of developing. 


a means of making thoroughly satisfactory tests of this 
character. 


4. Tests of Installed Cable. The use of direct poten- 
tial rather than alternating potential for high-voltage 
tests of installed cable is being investigated by opera- 
ting companies. The large size of the testing equip- 
ment which is required for alternating potential tests 
because of the large charging current, makes it highly 
desirable to find a satisfactory d-c. method. 


For several years one of the larger manufacturing 


companies has been making direct-current cable testing . 


outfits using a thermionic valve (kenotron) for recti- 
fying purposes. This device is particularly valuable 
in connection with long high voltage transmission cables. 
For example, in order to test a 33-kv. transmission 
cable fourteen miles long at double voltage after instal- 
lation, as required by the Institute Standards, a trans- 
former of about 2500 kv-a. is required. If a d-c. 
outfit is used for the purpose, the capacity can be 
reduced to about 5 or 10 kw. if the outfit is used only 
for making the high voltage test. However, for reduc- 
ing the fault after failure so that the trouble can be 
located, it is necessary to be able to burn the insulation 
with the high voltage testing set so that the resistance 
of the fault will be within the reach of the lower voltage 
testing facilities available, and this may make it neces- 
sary to increase the capacity of the d-c. testing outfit to 
about 50 kw. Even in this latter case, however, the 
cost is only about one-quarter of the cost of the a-c. 
testing set. . 

One of the larger companies has installed one of these 
direct-current testing sets for use in testing high-voltage 
lines. While the experience to date does not warrant 
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any definite conclusions it appears reasonable to hope 
that, with the co-operation of the manufacturers, so as 
to adapt the device to operating conditions, and with 
more experience in the use of this testing outfit, it will 
be possible to entirely eliminate the difficulties that 
have been encountered and thus render this scheme of 
testing available for high voltage transmission cables. 

In this connection it should be pointed out that all of 
our experience heretofore has been with the use of alter- 
nating direct current for testing purpose and that before 
the use of direct current for this purpose can be considered 
successful the proper ratio between d-c. volts and a-c. 
volts, to secure the same results, should be definitely 
known. Foreign investigations indicate that this ratio 
should be about 2.5, but the American manufacturers up 
to the present writing have not been willing to agree to 
aratio higher than 1.5. If the ratio of 2.5 is correct, 
then a test made with the direct-current voltage limited 
by a ratio of 1.5 will be entirely without value, as it is 
not high enough above the normal operating voltage to 
give results that are at all comparable with those here- 
tofore obtained with alternating current. Two of 
the cable manufacturing companies have undertaken 
to make tests of this character and results should be 
available very shortly. In view of the importance of 
this ratio, it is reeommended that the Standards Com- 
mittee investigate this subject and incorporate the 
proper ratio in the Standards of the Institute. 


FOREIGN PRACTISE IN TRANSMISSION AND DISTEI- 
BUTION SYSTEMS 


The data on this subject have been submitted by 
foreign engineers of such prominence that it may be 
taken as representative of the best and most reliable 
opinions in their respective countries, namely, England, 
France, Italy and Norway. 

The maximum voltage for transmission systems now 
in operation in any of the four countries is 110,000 volts. 
This system which is in Norway is 55 miles in length and 
has an ultimate capacity of 75,000 kw. In Italy the - 
Peseara system operates at a maximum voltage of 
88,000 volts and the maximum length of ,trans- 
mission in bulk is approximately 115 miles. The 
Energie Electrique du Littoral Mediterranean system 
is the most important high voltage system in France, 
and is composed of 560 miles of overhead lines operating 
at voltages varying from 55,000 to 30,000 volts, and 
870 miles of overhead lines operating at voltages vary- 
ing from 18,000 to 10,000. The total capacity of this 
system is 111,900 kw. The Societe Hydroelectrique de 
Lyon system operates at 70,000 volts but is a much 
smaller system, being composed of 105 miles of over- 
head lines and having a capacity of only 2984 kw. 
There is now under construction in France a trans- 
mission system to operate at 125,000 volts. The most 
important English overhead system is that of the 
North-East Coast. Company, the connecting lines of 
which run from Newcastle up through Northumberland 
to the southern border of Scotland, and south from 
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Newcastle through Durham into Yorkshire. This 
system operates a considerable mileage of overhead 
transmission line with the great majority of it on wooden 
poles. The voltage of this system is 30,000 volts. 
A short transmission line operating at 33,000 volts has 
recently been put into operation for supplying the City 
of Chester. 

The maximum voltage reported for underground 
cables in actual operation is 40,000 volts. This is in 
Italy where underground cable is operated at 40,000 
volts on one system, at 30,000 volts on five systems, and 
at 25,000 volts on six systems. The distribution sys- 
tem for the City of Christiania is composed of 30 miles 
of underground cable operating at 35,000 volts. In 
England a 33,000-volt cable has been in operation some 
time in the Manchester district and a 66,000-volt cable 
under the River Tee is ready to be put in operation. 
In France, the Union d’ Electricite, a consolidation of a 
number of small systems around Paris, is at the present 
time installing a 60,000-volt underground cable system 
with single-phase cable. 

With regard to the comparative reliability of overhead 
and underground systems, from the point of view of con- 
tinuity of supply, the opinion in all four countries is that 
underground cable gives the least trouble. The State 
Railways of Italy use extensively cables operating -at 
25,000 to 27,000 volts as primaries for electrification and 
interruptions due to cable trouble are quite exceptional. 

As to the comparative cost of overhead versus under- 
ground transmission for approximately the same relia- 
bility and continuity of supply, no definite opinions are 
expressed. In England, up to the present time there 
has been no great difference between the cost of an over- 
head line and that of a cable. The reason for this is 
that the allowances for wind pressure, ice and factors 
of safety were formerly so stringent that the expense of 
an overhead line was vastly greater than in the United 
States. The Electricity Committee of England has, 
howeve-, brought these regulations up to date and they 

‘will soon be issued in pamphlet form. Several lines, 
based on the new regulations, are at the moment being 
projected and the estimates show that such lines will be 
closely comparable in cost with similar lines in America. 


In France it is possible to install an overhead trans- 
mission line for less cost than a cable. Due to this and 
also the voltage limiting features of cable, it is the prac- 
tise of the French engineers to consider only overhead 
transmission where possible. For Norway and Italy 
no opinion was expressed as it is thought the question 
depends very largely on local conditions. 


The reports of the most serious troubles encountered 
in transmission systems differed in each country. In 
France the chief trouble is that of voltage regulation 
due mainly to the lines having been overloaded during 
the war and not having sufficient copper. With this 
exception the French engineers have experienced no 
special trouble. In Italy the only element of the line 
which causes trouble is the insulator and these troubles 
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are not severe. Trouble has been experienced from 
the breakage of insulators after a number of years of 
operation. The fracture shows that the break is due 
to the expansion of the cement, and that the quality of 
porcelain is not altered by age. Lines in operation 
from 15 to 25 years are still in good working condition. 
English engineers have experienced no serious trouble 
in connection with insulators, towers or poles as the 
lines in England operate with such a large margin of 
insulation. Practically no troubles are experienced 
due to the expansion of cement or to insulator aging. 
On the other hand, a great deal of trouble has been 
experienced with insulators by the Norwegian engineers, 
due to cracking caused by the expansion of cement. 

The tendency in all four countries is towards the use 
of higher voltages. In France the main sources of 
hydraulic power are over 250 miles from the Paris 
district, the center of power consumption, and the trans- 
ferring of this power in large amounts is a problem 
which must soon beconsidered. This will necessitate the 
use of voltages from 165,000 to 200,000 volts. The 
Norwegian government is now contemplating the use 
of 150,000 volts on the lines from a new plant now being 
constructed. The Norwegian engineers are also con- 
sidering the transmitting of power to Denmark at 
220,000 volts three-phase or 200,000 volts d-c. In 
Italy several overhead 110,000 volt lines are under 
construction and in England 110,000-volt lines are 
contemplated. 

In England, France and Italy the three-phase system 
of transmission is the only one considered. Only one 
direct-current system has been installed in the last ten 
years. Some Norwegian engineers are of the opinion 
that while three-phase transmission will take care of 
any overhead situation likely to be encountered, they 
are not at all certain that constant current would not be 
better in many cases on very long lines. They believe 
that direct-current transmission up to 200,000 volts and 
250 amperes is entirely practical and that the insulator 
question will be greatly simplified. 

The tying together of existing hydroelectric or steam 
plants has been carried out to a large extent in Norway 
and Italy. Practically all of the large plants in North- 
ern Italy are connected together and similar ties with 
Middle and Southern Italy are contemplated. In 
Norway a number of 50,000 to 60,000-volt hydroelectric 
plants have been connected in the last few years. In 
France and England a great many of these projects 
have been contemplated, but few have materialized. 

In regard to the arrangement of transformer con- 
nections for a system, the opinion of engineers in all 
four countries is in favor of having the high side con- 
nected Y and the low tension side connected A. 

It has been the experience of the foreign engineers 
that protection against lightning and power surges on 
lines up to 60,000 volts is very difficult. In Norway 
the experience has been that the operation is equally 
good without lightning arresters as with them. In 
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both Italy and Norway engineers favor the use of choke 
coils with resistance and also the use of ground wires. 
In England the majority of engineers favor the aluminum 
cell type of arrester. In France the operating com- 
panies object to the aluminum cell on account of its 
high cost and the necessary maintenance. The other 
types of lightning arresters in use in France do not give 
satisfaction on large systems. 

As regards the use of outdoor substations the engi- 
neers of the different countries are divided in their 
opinions. The English and French engineers favor the 
use of the outdoor substation and the few in service 
in these countries have proved satisfactory. In Italy 
the opinion of the engineers is divided and in Norway 
no advantage is seen in an outdoor substation for 
voltages up to 60,000 volts. 

The engineers of England, France and Italy have had 
very little experience with grounding coils, reactance 
coils or Dressel-Spuhle for limiting electric surges and 
no opinion was expressed. The Norwegian engineers 
have had some experience with the Peterson grounding 
coil and advocate its use on lines up to 66,000 volts. 


REVIEW OF PAPERS SUBMITTED DURING THE YEAR 


In the March, 1921, issue of the JOURNAL, Messrs. 
H. W. Fisher and R. W. Atkinson presented an article 
on ‘‘The Effect of Heat on Paper Insulation.”’ 

After discussing in detail the mechanical properties 
of paper especially as influenced by drying, heating, 
and impregnating, tests for measuring the changes due 
to these causes are considered. It is shown that the 
measurement for tearing resistance is a satisfactory test 
and two machines for this purpose are described. The 
results of tests made to determine the effect of heat upon 
the properties of paper are discussed and measurements 
of rate of deterioration of paper at different tempera- 
tures are given. The relation of these data to allowable 
operating temperature is considered, and emphasis is 
placed on the importance of not exceeding intended 
temperatures through lack of knowledge of conditions. 

In the same issue of the JOURNAL is a paper by Mr. 
D. W. Roper on ‘‘ Permissible Operating Temperatures 
of Impregnated Paper Insulation in Which the Di- 
electric Stress is Low.” 

This paper deals with the writer’s experience with 
concentric cables which have been operated at high 
copper temperatures in Chicago. The author cites 
instances where the insulation of cables known to have 
been operated at a copper temperature of over 100 deg. 
cent. steadily throughout the day for a number of 
months, was found to be in good condition when the 
cables were removed for reinstallation elsewhere. In 
one or two cases he has found the copper temperature 
as calculated by Atkinson’s method to be as high as 200 
deg. cent. The author believes it desirable to establish 
two limits of copper temperature; the first to be a lower 
limit at which the insulation will not be injured even 
when the temperature is maintained for long periods of 


time; the second to be an upper limit above which it is 
known that the insulation will be injured if such tem- 
perature is maintained for any considerable time. 

A paper on ‘‘ Transformers for Interconnecting High- 
Voltage Transmission Lines’’ is presented by Messrs. 
J. T. Peters and M. E. Skinner in the JouRNAL for 
June 1921. 

This paper brings out the advantages to be realized 
by the use of the star-star connection in interconnecting 
high-voltage transmission lines. This connection how- 
ever, requires the use of an auxiliary winding in delta 
to stabilize the neutral point or to decrease the induct- 
ance in the ground connection. Consequently the 
great majority of transformers designed for inter- 
connecting transmission lines are three-winding trans- 
formers. Another type of transformer which would be 
included in this general class is one having an auxiliary 
winding for feeding a synchronous condenser used in 
controlling the voltage at the receiver end of the line. 
The important features peculiar to three-winding trans- 
formers when used for interconnecting transmission 
lines are discussed and the way in which the design and 
performance of the transformers are influenced by these 
peculiarities is pointed out. 

In the June 1921 issue of the JOURNAL there was an 
article by Mr. L. L. Elden entitled ‘“Notes on Opera- 
tion of Large Interconnected Systems.” 

After describing the interconnections made between 
the Boston Edison Company’s system and the systems 
of the Eastern Massachusetts Electric Company and 
the New England Power Company, the author dis- 
cusses the operation of these connections and the 
troubles encountered. Some trouble has been experi- 
enced on account of short circuits on the systems and 
to variation in frequencies, but as a whole the operation 
is considered satisfactory. 

Messrs. W. I. Middleton and E. W. Davis presented 
a paper in the September, 1921, issue of the JOURNAL on 
“Skin Effect in Large Stranded Conductors at Lower 
Frequencies.” ; 

This paper deals with tests made by the writers to 
obtain experimental data concerning the effective 
resistance of large-size stranded conductors to alter- 
nating currents of the low frequencies of 25 and 60 
cycles. The tests are described and the results tabu- 
lated and discussed. The results are also compared 
with those obtained by using three common formulas 
for skin effect, in order to determine how far and with 
what modifications one of the formulas can be applied 
to stranded conductors. Two of the conclusions 
drawn are that the skin effect of rope-stranded cables 
can be calculated to a fair degree of accuracy by assum- 
ing the same current penetration as for solid or stranded 
conductors, and that the current penetration should be 
calculated from the pitch diameter of the outside layer 
of strands. 


“Use of the Tangent Chart for Solving Transmission 
Line Problems”’ is the title of paper presented in the 
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November, 1921, issue of the JOURNAL by Mr. Raymond 
S. Brown. 

In this paper there is presented a method, devised by 
the author and based on hyperbolic functions, for solv- 
ing transmission line electrical problems by means of a 
special diagram, called a tangent chart. After discus- 
sing the general conditions met with in transmission 
line problems and pointing out the advantages of the 
tangent chart, the author explains in detail the under- 
lying theory. Diagrams and descriptions are given and 
the manner of using the chart is explained. 

A paper on ‘Questions of the Economic Value of 
Overhead Grounded Wires” by Mr. E. E. F. Creighton 
is included in the January, 1922, issue of the JOURNAL. 

After a general discussion of the history of overhead 
grounded wires and the mechanical vs. electrical factors, 
the author presents a detailed discussion on the func- 
tions of overhead grounded wires, relation of overhead 
grounded wires to cloud lightning, detrimental effect 
of grounded wires on semi-insulated structures, rela- 
tion of grounded wire to direct stroke, overhead 
grounded wires on wooden pole structures, steel 
structures and overhead grounded wires. The author 
analyzes the functions of overhead grounded wires 
under nine distinct headings. The conclusion reached 
is that the overhead wire is, in general, a detriment 
rather than an asset to a semi-insulated or high-resist- 
ance pole-line structure. On metal structures no 
technical function is found detrimental. The relation 
between the earth resistance and the decrease in pro- 
tection to insulators is yet to be determined. 

The February, 1922, issue of the JOURNAL presents an 
article on “The Effects of Moisture on the Thermal 
Conductivity of Soils” by Mr. G. B. Shanklin. 

The article describes some thermal conductivity tests 
made on soils containing different percentages of 
moisture and compares the results with those of other 
investigators. These results show that moisture is the 
predominating factor in determining the thermal 
conductivity of soils. The relative thermal capacity 
of various types of perfectly dry soils, such as sand, 
clay, gravel, etc., covers a range from only one or two, 
while the eidivion of moisture increases the range to 
five times or more that of dry soils. 


In the February, 1922, issue of the JOURNAL Mr. E. 
E. F. Creighton presented a paper “‘On Deviations From 
Standard Practise in Lightning Arresters.” 


This paper is an endeavor to answer questions of 
practise and the criticism of arresters brought out in an 
investigation conducted by the Protective Devices 
Committee. The writer presents a brief review of 
some of the factors relating to arresters not of the 
electric valve type and points out the inefficiencies and 
objectionable characteristics of arresters of low dis- 
charge rate. The other extreme, namely, the practise 
of using no lightning arresters, is then discussed from 
three viewpoints and the conclusion is drawn that in all 
three cases the argument in favor of using no lightning 
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arrester is dangerously faulty. A. new method of 
inspection of aluminum arresters is proposed and 
experiments are given to show that the power factor 
of cells is a sensitive indication of their condition. The 
investigation of two arresters in service thirteen years 
without overhauling is described and the possibility of 
overhauling arresters in the field is discussed. 

A paper on “The Petersen Earth Coil’ by Messrs. 
R. N. Conwell and R. D. Evans was included in the 
February, 1922, issue of the JOURNAL. 

The theory of the earth coils is explained and a dis- 
cussion is given on the operation of the earth coil under 
various electrical conditions encountered on transmis- 
sion systems. Attention is called to the fact that the 
installation of the earth coil necessitates a change in 
lightning arrester settings, is unsatisfactory on a trans- 
mission network protected by a relay system, and com- 
pared to a grounded neutral system will increase the 
voltage stresses which would be imposed upon line 
insulators, cable insulation, and switching equipment. 
Tests were made on a 26,400-volt, three-phase, 60-cycle 
network of five lines totaling 59.8 miles to obtain 
information relative to the operation of the Peterson 
earth coil and to collect data indicating the suitability 
of such an installation for the suppression of arcing 
grounds. These tests are described and the results are 
discussed. 'The authors have considered five methods 
of grounding the neutral and give an order of preference 
for each, from the viewpoint of voltage stresses, current 
stresses, relay-operation, continuity of service and cost. 
In conclusion the advantages and algae yantAnES are 
discussed. 

Mr. Herbert Bristol Dwight presented a paper in the 


March, 1922, issue of the JouRNAL on “Skin Effect 


and Proximity Effect in Tubular Conductors.” 

The purpose of, this.paper is to present sets of curves 
to determine the effective a-c. resistance of tubular 
conductors as required to be predetermined by designers 
for radio installation, for large underground cables with 
non-magnetic cores, and for electric furnace circuits. 
The basis of the curves and formulas given in this paper 
is explained and discussed. Curves are given showing 
the skin effect for isolated tubes and for stranded con- 
ductors. A curve is also shown for proximity effect 
ratio to be used when the return conductor is near. 
Typical examples are solved and in conclusion the writer 
expresses the opinion that it seems scarcely worth while 
to provide a non-magnetic core with a 2,000,000 cir. mil 
25-cycle cable in order to reduce the skin effect, but in 
other cases considered, the tubular form seems very 
advantageous. 

In the June, 1921, issue of the JouURNAL Mr. F. W. 
Peek, Jr. presented a paper on “Voltage and Current 
Harmonics Caused by Corona.” 

This paper deals with investigation made to study 
the effects of corona in producing voltage and current 
harmonics in transmission systems. Tests were made 


on short three-phase lines of very fine wire so that the 
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corona loss would be excessive and exaggerate conditions. 
The different tests are described and the results dis- 
cussed. Two of the conclusions drawn are that corona 
_ will cause voltage and current harmonics, of which the 
third is the most. prominent, and that in properly 
designed practical transmission lines, the harmonic 
introduced by corona should be inappreciable. 

In the same issue of the JOURNAL was a paper by Mr. 
Raymond Bailey on “‘Voltage and Power Factor Con- 
trol of 66,000-volt Transmission Lines Connecting Two 
Generating Stations.” 

The problem which confronted the Philadelphia 
Electric Company, that of providing for the control of 
voltage and power factor of the two 66,000-volt trans- 
mission lines connecting its Schuylkill and Chester 
generating stations, is presented in this paper. An 
outline of the specific problem with its requirements, a 
discussion of the factors determining the selection of 
equipment, and a presentation and discussion of data 
on operating characteristics are included. The situa- 
tion required that the control of voltage and power of 
the transmission lines permit of the transfer of energy 
of either direction, at suitable power factor, up to the 
rated kv-a. capacity of the lines, with the generating 
stations operating at approximately equal bus voltages. 
Other complications are also considered. The com- 
parisons made to determine the most satisfactory type 
of regulating equipment and the reason for the selection 
of three-phase induction regulators are given and cer- 
tain conclusions of more or less fundamental character 
are brought out. 

Messrs. Edwin H. Fritz and George I. Gilchrest 
present an article on ‘‘Modern Production of Suspen- 
sion Insulators” in the June, 1921, issue of the JOURNAL. 

This paper records the progress made during the past 
few years in the production of electrical porcelain. The 
information covers the engineering and works organiza- 
tion, the manufacture, and design and test. Each of 
these topics is discussed in detail and explained. In 
conclusion the writers state that rapid strides in the 
manufacture of electrical porcelain have been made in 
the past few years and perhaps the greatest advance- 
ment is in the methods of production in the factory. 

In the June, 1921, issue of the JOURNAL there appears 
a paper by Messrs. E. E. F. Creighton and F. L. Hunt, 
on “‘A Solution of the Porcelain Insulator Problem.” 

After a discussion of the main causes of insulator 
failures, the writers describe the satisfactory results of a 
method developed by them for eliminating the cracking 
of insulators due to the Portland cement. This method 
consists of thoroughly impregnating the cement, after 
it has set and thoroughly dried, with a pitch compound. 
Eleven hundred insulators made in this manner have 
been in service nearly three years without a failure. 
In conclusion the authors present comments on the 
mechanical strength, electrical tests treatment, line 
testing, aging of porcelain, and open porosity of porce- 
lain. fy 
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Mr. W. W. Lewis presented an article in the June, 
1921, issue of the JOURNAL entitled ‘‘Some Transmission 
Line Losses.” 

This paper deals with tests for corona loss made on 
a 30-cycle, 140,000-volt system and gives a full descrip- 
tion of lines on which the tests were made. The tests 
are described and the results in the form of tabulations 
and curves are shown. These results are discussed in 
detail. The conclusions drawn from these tests are 
presented and it is pointed out that the tests indicate 
the desirability of operating a transmission line below 
the corona voltage, thus avoiding corona loss and its 
accompanying effects. 

A paper entitled ‘Long-Distance Transmission of 
Electric Energy” by Mr. L. E. Imlay is included in the 
June, 1921, issue of the JOURNAL. 

This paper discusses the long-distance transmission 
of electric energy from the economic viewpoint, the 
physical viewpoint and the point of view of service. 
The economic conditions which justify long distance 
transmission are pointed out and considered. 

In dealing with the plant required for long-distance 
transmission some of the considerations that effect the 
design are discussed. A graphic method of determining 
line performance is illustrated by an example and essen- 
tial data on other lines are given. Right-of-way, 
spacing of towers, line insulators, high-tension switches 
and lightning arresters are discussed. 

Service is considered from the viewpoints of what 
people demand, what perfect service will cost, and the 
service that may be expected from a large intercon- 
nected system consisting of steam plants at the mines, 
hydro plants, wherever available, and local steam 
plants. 

In the August, 1921, issue of the JOURNAL there is a 
short article on ‘Self-Corrosion Not Stray Current 
Electrolysis, Shown at Selkirk, Manitoba.” 

This paper describes the investigation of a case of 
chemical corrosion of iron pipe at Selkirk, Manitoba. 
The corrosion of the pipe was found to be due to the 
chemical activity of the solution of so-called alkaline 
salts in the soil. 

Mr. F. G. Baum presented an article on “Voltage 
Regulation and Insulation for Large Power, Long 
Distance Transmission System” in the August, 1921, 
issue of the JOURNAL. 

In this paper a standard frequency of 60 cycles is 
advocated for the national system, and 220,000 volts is 
proposed as standard for extra large-power, long 
distance transmission. The voltage regulation of 
transmission lines is discussed and a simple diagram is 
given which shows that for a 60-cycle, 220,000-volt line, 
the line charging current supplies about two thirds of 
the capacity current required for about 0.8 load or 320 
ampere load current, and that for larger loads the syn- 
chronous condensers supply leading, and for smaller 


loads, lagging current. -A system of regulation is pro- 
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posed which will result in practically constant voltage 
at all points of the line at all loads. The advantages of 
such a system are given and discussed. 

The problems of line insulation are discussed and 
especial attention is called to the necessity for low air 
and leakage resistance stresses and results of a large 
number of tests are given. A new diagram resulting 
from the analysis of experimental data is given. From 
this diagram the characteristics of long strings of insu- 
lator strings may be calculated, knowing the constants 
of the unit relatively. Illustrations are presented 
showing that wet and dry are-over may be controlled 
but it is believed best to strive for the elimination of 
ares. In conclusion the writer states that while present 
insulators with some form of shielding or grading will 
no doubt give more satisfactory results for a 220,000- 
volt system, such as he advocates, than is now obtained 
on lower voltage lines, it is desirable that further work 
be done with a view to developing the best way of 
handling line insulation. 

In the February 1921 issue of the JOURNAL, Mr. 
Philip Torehio presented a paper on ‘Permissible 
Operating Temperatures of Impregnated Paper Insu- 
lation in which Dielectric Stress is Low.” 

After a review of the effect of temperature on insu- 
lating materials, abstracting from the 1918 Steinmetz 
and Lamme Report, and the 1905 British Engineering 
Standards Committee tests, the author questions the 
present temperature limit adopted for impregnated 
paper when used for low-tension cables. Results 
obtained from surveys of low-tension cables in large 
distributing systems, and also the results of special 
tests on cables including sheath cracking, high tempera- 
ture tests, effect of bending on cables heated at high 
temperatures and distillation of cable compounds are 
shown and discussed. The vital importance of ambient 
temperatures in subway ducts as affected by the 
thermal conductivity of concrete, amount of moisture 
in the soil, different arrangements of ducts, and load 
factors at which the cables are operated, is pointed out. 
The conclusions derived by the author are that the 
permissible operating temperatures are to be a function 
of the load factors at which the cables operate, and he 
recommends 105 deg. cent., 95 deg. cent., and 90 deg. 
cent., for load factors of 33 per cent, 50 per cent, and 
over 66 per cent respectively. 

In the same issue of the JOURNAL Mr, L. L. Elden has 
also contributed a paper on ‘‘Permissible Operating 
Temperatures of Impregnated Paper Insulation in 
which the Dielectric Stress is Low.” 

The conditions considered in adopting 85 deg. cent. 
as the limiting conductor temperature for impregnated 
paper-insulated, low-tension cables are discussed and 
conditions which hazard the safety of the cable when 
operated at the higher temperature limits are pointed 
out. The results obtained by a large operating com- 
pany, one whose cables the limiting temperature of 85 
deg. cent. has not been exceeded, are described and dis- 
cussed. The practicability of operating cables on a load 
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factor basis, or by specifying an allowable overload 
rating in terms of temperature is questioned. The 
conclusion drawn is that a conservative standard, such 
as the present Standard rule, is the more desirable 
policy. | 

A paper entitled “The Maximum Safe Operating 
Temperature of Low-Voltage Paper-Insulated Cables 
was also presented in the same issue of the JOURNAL by 
Mr. W. A. Del Mar. 

The mechanical strength of low-voltage cables is 
discussed and a tearing test for paper is described. The 
results of experiments made to determine the effect of 
continuous heating are given and indicate that the 
mechanical strength of paper insulated cablesis destroyed 
by continuous exposure to a temperature of 100 deg. 
cent. for three or four weeks. The author believes the 
operation of cables at higher temperatures than that 
allowed by the present Standards is in the nature of a 
gamble and questions whether the Standards should 
take cognizance of it. 

Mr. Wallace 8S. Clark contributed a paper entitled 
“Notes on the Effect of Heat on Impregnated Paper 
from Cable Insulation.” 

This paper covers tests made to determine at what 
temperature marked deterioration in the paper of 
impregnated paper cable took place. ‘The tests are 
described and the results given and discussed. The 
conclusion drawn is that the temperature limit fixed 
for the operation of a low-tension cable, to avoid undue 
deterioration, must take into consideration the length 
of time during which temperature is maintained. 

EK. B. Mryer, Chairman. 


TRACTION AND TRANSPORTATION 
COMMITTEE REPORT 
T’o the Board of Directors: 


In conformity with the President’s request for a 
discussion of some phases of the conditions prevailing 
in the field covered by this Committee, we beg leave to 
submit the following: 

The year has been practically devoid of large or 
interesting developments in the electric transportation 
systems in the United States. The use of the one man 
car, trackless trolley and the motor bus has become 
more general in the light traction field but in heavy 
equipment construction activity has been limited almost 
wholly to foreign countries. . 

The introduction of important new or novel ideas in 
traction equipment also has been largely lacking and 
those engaged in engineering in this field appear to have 
been occupied mainly in efforts to standardize and 
perfect equipment of existing types and to adapt them 
to special local conditions. 

In the face of such a situation, we have found a 
dearth of technical material for subjects of papers and — 
discussions that did not promise to degenerate into a 
rehash of old and threadbare questions. Exhaustive 
treatments of electrification of steam railroads such as 
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that presented in the recent Super Power Report have 
covered very completely most of the technical aspects 
of this problem. The question then naturally arises 
whether the limitation of the Institute’s papers and 
discussions to more or less technical electrical detail 
subjects is either wise or a full performance of our duty 
as a trained body of men with special information at 
our command which might be beneficial to the public 
if presented in a form readily grasped. Is there not a 
further obligation upon us? 

Is there not an equal duty laid upon us to give to 
others not technically equipped a clearer view and 
better understanding of great public questions which 
to be wisely solved must be based on a sound engineer- 
ing foundation? Is it right to confine our papers and 
discussions to the engineering detail technique of great 
subjects for the sole benefit of our own and our profes- 
sional brethren? By such a procedure do we not stand 
aloof from the great national and world problems 
creating the impression that we do not comprehend 
their wider phases or are timid about venturing beyond 
our own limited self-prescribed professional boundaries? 

Take for instance the steam railroad situation as it is 
before the country today and the bearing of electrifica- 
tion thereon. We have had ream upon ream of papers 
and hours without end of discussion of direct vs. alter- 
nating traction and coal economy of, steam vs. electric 
engines. 

How often have we gone below the surface and dis- 
cussed the function of railroads as a necessity in the life 
of our country (the United States) and the fact pointed 
out by such far-seeing men as President Willard that in 
the immediate future it is not a question of rates but a 
question of capacity which we face when business shall 
again become normal? 

There is no longer need for technical discussions of 
whether electric traction will add capacity to a given 
railroad track system; that is admitted, demonstrated, 
and settled. Practically every steam railway in the 
country has an electrification problem of some sort 
under consideration and on the larger systems there are 
many such. 

To carry them out and to make possible any general 
advance toward a wider use of electric traction on our 
great national arteries, public opinion must first be 
awakened to the basic economic facts and a general 
nation wide realization must be created of the necessities 
of these systems. A clear conception of the funda- 
mental function of these railway lines to the nation as 
well as the effect upon general business of their failure 
to keep in step with the growth of the country is not 
easily acquired and yet it must come before we can 
secure full financial support for the program which 
must come before long. The Chairman of the Joint 
Committee of Congress recently stated as follows: 

“We believe that the transportation facilities of the country 
must be placed upon a solid foundation. It will not do to make 


up deficits by appropriations of public funds. The railroad 
companies must be operated with the expectation that the gross 
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revenues will be sufficient to covér operating expenses and leave 
a reasonable return upon the investment. It is of paramount 
importance to the public welfare that the transportation ecom- 
panies be made going concerns; that they be placed upon a 
substantial foundation in every respect, and that the operating 
expenses be reduced by careful and efficient management.’’ 


Is not this news to many people and is the situation not 
one warranting our best analysis? 

The engineer has a trained mind familiar with the 
physical facts of this subject, he has acquired the habit 
of straight honest thinking step by step from premises 
to conclusion, why should he not broaden out his field 
and embrace the opportunity to inform and build up 
public opinion upon sound facts and impartial criticism. 

There are many engineers who are members of this 
Institute who seldom or never appear or take part in 
discussions because their field has broadened and they 
no longer deal with details. Why should we not bring 
in these men and popularize, if you please, for the bene- 
fit of the public this subject so that by our keen logic 
of presentation of the economic facts we may attract 
the attention and interest of the mind of the man on the 
street. 

Here is areally big subject of vital importance to the 
life and prosperity of the nation. We have the training 
and the knowledge, why should we not step outside the 
narrow confines of our technical field and show that 
engineering is more than handling kilowatts and kilo- 
volts, that it is and must ultimately be the controlling 
factor in the economics of many natural problems if they 
are to be solved permanently. 

H. W. BRINKERHOFF, Chairman 


TELEGRAPHY AND TELEPHONY 


COMMITTEE 


To the Board of Directors: 

During the past two years the Institute has to an in- 
creasing extent served as a clearing house for informa- 
tion dealing with technical advances in telegraph, 
telephone and radio engineering, one direct result of 
which is the rapidly growing number of communication 
engineers applying for membership in the Institute. 

Electric communication engineering in all its branches 
made marked progress during the war years and the 
improvements made to meet the needs of war have as 
rapidly as economy permitted been applied to the needs 
of peace time and of commerce. 

One of the features of the committee’s plans which 
has been followed closely is that of providing for the 
presentation of technical papers at meetings of the 
Institute giving detailed information of the noteworthy 
advances made in the various departments of the art. 
It may safely be stated that the present progress of 
communication in all its branches is recorded in the 
various papers published in the Institute JOURNAL 
during the past two or three years. 


PROTECTIVE DEVICES 


It has been suggested that the Protective Devices 
Committee of the Institute might to advantage include 
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in its investigations a study of the problems of com- 
munication line and apparatus protection against 
lightning disturbances and accidental contact between 
power wires and communication wires. The subject 
has been given engineering consideration by individual 
companies but a wide diversity of devices is used on 
lines throughout the country and it would seem that 
there is opportunity for standardization of devices to 
meet like conditions in various localities, both in rail- 
road and commercial line operation, telegraph and 
telephone. 


INDUCTIVE INTERFERENCE PREVENTION 


The movement mentioned in last years report of 
increasing cooperation in studying the needed procedure 
in the coordination of signal and power circuits has 
gone forward with growing impetus during the present 
year. This effort is general among all of the utility 
interests concerned and reflects a recognition on all 
sides of the mutual nature of the problem and of the 
duty of all to so harmonize their facilities as to afford 
the public the various services that it needs, with 
convenience and economy. * 


Several committees have been actively engaged in 
studying various phases of the inductive interference 
problem, some being joint committees formed upon the 
invitation of state regulatory bodies, others being 
established by groups of public service companies. 
The purpose, in general, has been to develop a more 
comprehensive understanding of the subject and to 
make available systematic working principles and 
standards for guidance in field practise. 


~ In this direction, perhaps the most prominent work 
of national scope has been done through the cooperative 
efforts of the American Telephone & Telegraph Com- 
pany representing the Bell Telephone System, and the 
National Electric Light Association. A joint com- 
mittee of these two interests is conducting studies for 
the purpose of preparing comprehensive principles and 
practises of coordination for the guidance of the as- 
sociated operating companies in planning the location, 
construction and operation of their facilities. Two 
progress reports thus far issued embody rather complete 
principles of inductive coordination and encourage the 
expectation of further constructive results toward 
solving the inductive interference situation. 

On all sides there is a growing realization of the 
importance of maintaining a broad view to the future 
and of consulting cooperatively in advance on the 
development of plans for contemplated plant exten- 
sions. 

The committee has not learned of the advent during 
the year of any outstanding new devices applicable 
to the prevention of inductive interference. 


AUTOMATIC TELEPHONY 


The further installation of automatic telephone 
exchanges has continued during the past year. At 
Omaha, Nebraska, a panel automatic plant was placed 
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in service in December, 1921. During the year auto- 
matic exchanges have been built in accordance with 
predetermined policies as to design. There is, how- 
ever, nothing particularly new to report in the way of 
engineering change. 


PRINTING TELEGRAPHS 


The Western Union Telegraph Company has con- 
tinued to increase the number of its circuits operated 
by multiplex printer methods. In many places all of 
the circuits operated into an office are ‘‘printer’”—no 
manual Morse circuits being worked at these points. 
The extension of printing telegraph systems has neces- 
sitated opening additional repeater stations, but this 
is an economy in view of the increased volume of words 
in a given time which may be handled over a wire 
properly spaced with repeaters. 

During the year the Postal Telegraph-Cable Com- 
pany once more has placed a printing telegraph system 
in service on certain New York-Chicago circuits. The 
system is the Morkrum Multiplex. The Postal Com- 
pany has been operating manual Morse exclusively 
since early in 1919, at which time the printer duplex 
system then in use was discontinued. 


RADIO TELEGRAPHY 


Trans-oceanic commercial radio telegraphy has con- 
tinued to improve in reliability, with the natural result 
that the volume of traffic has steadily increased. Radio 
duplex channels now are continuously operated be- 
tween New York and stations in England, France, 
Norway, Germany, with stations soon to be opened in 
Sweden, Holland, Italy and. Poland. The station of 
the Radio Corporation of America, at San Francisco, 
works continuously with stations in Hawaii and Japan. 

A noticeable tendency is to employ vacuum tube 
oscillators for transmission, both for telegraphy and 
telephony. 

On the Pacific Coast continuous radio telegraph 
service is performed by a commercial company between 
the cities San Francisco, Los Angeles, San Diego, 
Tacoma, Portland and Seattle. A large volume of 
business is handled in competition with the wire com- 
panies. 

RADIO TELEPHONY 


One of the most spectacular developments during the 
year has been the application of radio telephony. 
This art has advanced rapidly, along technical and 
scientific lines for several yeas, and today many start- 
ling demonstrations, of special circuits, instruments of 
high sensitivity, special amplification and accurate 
modulation are in use. This valuable scientific work 
has of course been continued, but the committee wishes 
to report, this year on the engineering development of 
the art. ; 

Although several scientific developments and inven- 
tions could be recorded the great work has been the 
extensive application of radio telephony, increase in 
efficiency, power and quality of transmission, and the 
increase in efficiency and simplification of receiving 
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equipments to meet the great demand of the general 
public for telephone reception in the home. 

The regular public broadcasting of news, church 
services and entertainment from the Pittsburgh district 
created nation wide interest in radio broadcasting and 
within the year the manufacturers and distributors of 
radio apparatus have started additional regional 
broadcasting service from large radiophone stations, 
giving news, music, speeches, church services, grand 
opera, athletic events, market reports, etc. 

The fascination and value of radio telephone broad- 
casting service in the city, home and on the isolated 
farm has created such a demand for telephone receiving 
equipment that an active industry has grown up with- 
in the year. 

The design and production of high efficiency instru- 
ments suitable for the novice, with simple operation, 
and suitable in appearance for the living room, has been 
an engineering development worthy of note, and it is 
felt that the great activity in this art justifies the present 
extensive engineering development to meet the large 
future application of radio telephony. 


RAILROAD TELEGRAPHY AND TELEPHONY 


Plans for additional railroad intelligence transmission 
reflect the general interest in radiophone developments. 
Operating departments have expressed a need for a 
simple, reliable and comparatively inexpensive radio- 
phone equipment. It is anticipated that such sets will 
have a field in train operation for communication be- 
tween caboose and engine. Today railroad trains a 
mile long are quite common and there is a positive need 
for communication between conductor and engineer on 
such trains. 

Also there are possible applications for portable 
radiophone sets for use in bridging gaps temporarily 
when washouts or floods destroy pole lines carrying 
wires. 

At large seaports the railroad companies maintain 
extensive fleets of tugs and it is found that radio tele- 
phony affords an opportunity to maintain continuous 
communication between tug captains and tug dis- 
patchers. 

The Telegraph and Telephone Section, American 
Railway Association during the year completed reports 
dealing with ‘“Telegraph and Telephone Transmission,” 
“Wire Crossings,’ and ‘‘Education and Training of 
Telegraph and Telephone Employees.” 

A technical development of the year was the intro- 
duction of a vacuum tube rectifier used to transform 
alternating current into direct current at 80 to 400 volts. 


AERIAL CABLES 

Further extension of the aerial cable plant of the 

American Telephone and Telegraph Company includes 

a section between Harrisburg and Pittsburgh, Pennsy]- 

vania, a distance of about 200 miles. This cable pro- 

vides approximately 300 telephones and 175 telegraph 
circuits. 


SUBMARINE TELEPHONE CABLES 


On April 11, 1921, commercial telephone service was 
inaugurated between the United States and Cuba, over 
three submarine cables laid across the Florida Straits 
between Key West, Florida and Havana, Cuba. These 
submarine cables are the longest and most deeply 
submerged which are in use for telephone communica- 
tion. The cables are 104.9 nautical miles (195 km.) 
long. These cables are loaded and vacuum tube 
repeaters are employed at the terminals for connecting 
land lines to the cabled circuits. In addition to the 
telephone facilities provided, conductors in the cable 
are used also for direct current telegraphy and for 
carrier current telegraphy—over the latter four-channel 
multiplex printers may be operated. 


PNEUMATIC TUBES IN TELEGRAPH SERVICE 


In large cities it becomes necessary to establish 
branch offices in addition to the main telegraph office, 
so that the public may have convenient access to the 
telegraph. In the business districts the volume of 
traffic at some branches, if handled by wire, would 
necessitate the use of a large number of circuits to the 
main office with operators at both ends of each circuit, 
in order to move the traffic promptly under normal load 
conditions. To handle peak loads or abnormal rushes 
would require additional wires, equipment and opera- 
tors, that would be idle a greater part of the time. 

This has led to extensive use of underground pneuma- 
tic tubes between the main office and the more import- 
ant branch offices. Tubes are generally laid in pairs in 
order to handle traffic in both directions simultaneously. 
While the initial installation is expensive, the annual 
charges are found to be less than the cost of handling 
large numbers of messages by wire. 


The load limit of a tube is seldom reached, even 
during abnormal peaks, since the power required to 
move the carriers containing messages is a small part 
of the total power required to move the carriers and 
the air column in the tube. Approximately constant 
speed of service can be maintained under varying traffic 
conditions. In addition, chances for errors in receiving 
and in re-transmitting the message are eliminated. 


Tubing of 214 inches inside diameter has been stand- 
ardized as most suitable for telegraph service. The 
terminal equipment and carriers are not too bulky, 
yet the carriers are large enough to contain a consider- 
able number of messages. Outbound tubes are 
operated under pressure and inbound under partial 
vacuum, the power supply usually being at the main 
office end. 

The outer ends of a pair of tubes are joined together 
to permit the circulation of the same air repeatedly. 
This tends to reduce condensation in the tubes, and, 
in case of stoppage, allows pressure to build up behind 
the carrier at the same time increasing the degree of 
rarefaction ahead of it. © 
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Power is supplied by reciprocating air compressors 
for large systems, and by rotary pressure blowers for 
small systems. Compressors are driven by electric 
motors through short belt drives with idlers. Rotary 
blowers are usually mounted on sub-bases with their 
driving motors and connected through special worm 
gearing. Compressor systems are operated at 5°to 
10 lb. gage pressure and 10 to 18 inches of mercury 
vacuum. Blowers range up to 3lb. pressure and 6 
inches vacuum. Separate blowers are used for each 
tube pair with “start and stop” control of the motor to 
reduce power consumption. 


STANDARDIZATION 


The Report of the Standards Committee, last pub- 
lished, contains for the first time a representative list 
of terms and their definitions employed in communica- 
tion engineering. Most of these definitions were 
prepared through cooperation of members of the Tele- 
graphy and Telephony Committee serving on a sub- 
committee. 


The terms now incorporated in the published report 
constitute a good start along this line of useful work, 
and the present year’s sub-committee will undoubtedly 
add many more definitions so that in time the com- 
munication section of the Report will contain most of 
the terms which are of a permanent nature. 


FUTURE ACTIVITIES 


A year or so ago a project was submitted to the Board 
having in view the compilation and publication of a 
Bibliography of communication literature, the work 
mainly to be done by members of the committee. 
Actual work on this undertaking very likely will be 
delayed pending the return of more favorable printing 
costs. 


It is noteworthy that practically all of the technical 
papers procured for presentation at meetings have come 
from members in the New York district, notwithstand- 
ing that all sections of this country and Canada are 
represented on the committee. It is hoped that chair- 
men of the various Sections will in future encourage 
communication engineers in their territory to prepare 
papers for Section presentation and for printing in the 
JOURNAL. Naturally, those members who regularly 
attend meetings of the committee are prevailed upon 
to contribute or procure papers of interest. However, 
members remotely removed from New York should 
recognize the fact that papers sent in from the field are 
particularly welcome and should be forthcoming. It 
is of serious importance that members of the Institute 
in all sections of the country have the opportunity to 
present papers at meetings and that the best of these 
should be published in the JOURNAL. ‘To this end it is 
desirable that telegraph, telephone and radio engineers 
take more active interest in Section meetings. 

DONALD MCNICOL, Chairman 


TECHNICAL COMMITTEE ANNUAL REPORTS 


INSTRUMENTS AND MEASUREMENTS 
COMMITTEE 


To the Board of Directors: 


The following report for the year summarizes briefly 
the activity of the committee, a reference to articles 
dealing with new or essential instruments and measure- 
ments, and a brief description of new apparatus for 
electrical measurements that may have been designed 
and developed during the past twelve months. 

During the year there was very marked activity 
abroad in the matter of standardizing rules for instru- 
ments. Several instrument specifications have been 
issued as follows: 

England. The latest Standard Specifications of the 
Engineering Standards Committee are: for Indicating 
Instruments, No. 89, 1919, for Instrument Transformers 
No. 81, 1919. 

France. A Proposal for Standardization of Electrical 
Measuring Instruments, Instrument ‘Transformers, 
and Shunts was prepared by the Technical Committee 
of the “Chambre Syndicale des Constructeurs de Gros 
Materiel Electrique”’ and was adopted by the Chambre 
on Jan. 20, 1921. These rules appeared in the Revue 
Generale de l’Electricite of May 28, 1921. 

Germany. Rules for Electrical Measuring Apparatus 
proposed by the Verband Deutscher Elektrotechnicker 
were published in the #. T. Z. of Mar. 31, 1921. Those 
for Instrument Transformers on Mar. 3, 1921, with 
changes and additions on July 28, 1921. It is proposed 
that these become effective July 1, 1922. 

The French and German specifications were trans- 
lated by Mr. H. B. Brooks of the Bureau of Standards 
and copies were circularized among the members of 
this committee and other individuals throughout the 
country who might be interested in the subject. 

A comparative analysis of the foreign specifications 
shows some lack of agreement among the different 
countries. Apparently the rules are not to be con- 
sidered final; many admittedly tentative parts are 
included, awaiting revision in the light of further re- 
search or practical experience. In general the rules 
take up questions of construction, accuracy and name- 
plate markings. Grades are established and require- 
ments prescribed which apparatus must satisfy in 
order to be entitled to use the grade symbols. These 
requirements involve considerations of case protection, 
scale and pointer construction, damping qualities, 
sensitivity to disturbing influences, insulation, safety, 
self-heating, standard-ranges, transformer ratios, poten- 
tial drops in shunts, limits of error, identification of 
terminals, connections, etc. 

Incidentally this standardization has involved ques- 
tions of terminology, definitions, the setting of standard 
quantities such as temperature and frequency and the 
conditions under which tests were to be carried out. 

In view of the activity abroad along the lines of 
standardization for instruments, there was considerable 
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discussion in meeting and correspondence by this 
committee as to the possibility of preparing similar 
American rules and the ways and means for preparing 
and accepting them. It was finally decided that a 
subcommittee be appointed to canvass the sentiment, 
particularly of the manufacturers of instruments in 
this country, as to the necessity or desirability of such 
standards. Mr. H. B. Brooks volunteered to conduct 
such a canvass inasmuch as he intended to visit many 
of the instrument makers in this country. He was, 
therefore, appointed a subcommittee of one to make 
such a canvass and report back to this committee. 
This trip is still in progress and no report is available 
at this writing. 

The committee devoted considerable time in meeting 
and correspondence to the consideration of standardiz- 
ing certain terms of measurements and instruments 
relative to which there was a divergence of usage. 
The findings of the committee were discussed with the 
subcommittee of the Standards Committee on Meters, 
Instruments and Instrument Transformers. It was 
felt that the particular terms in question represented 
only part of a large number that might properly be 
considered. The matter is, therefore, held open for 
further consideration and action. 

The committee feels that report can briefly be made 
of the following instruments or devices which have 
appeared during the past year, some of which are novel 
in principle and others that may be considered modi- 
fications of an old principle, applied in a different man- 
ner or placed in a more practicable form of instrument. 
A new design of current transformer called a “two- 
stage” transformer, consisting essentially of the usual 
primary and secondary winding and an additional 
secondary compensating winding to correct for the ratio 
and phase angle distortions encountered in the ordinary 
type of two winding transformer, was advanced. This 
transformer is being designed and developed with a 
view to improving the accuracy of current transformers 
for use with instruments and watt-hour meters. A 
paper by H. B. Brooks and F. C. Holtz is scheduled for 
presentation, which describes in detail the design and 
performance characteristics of this transformer. 

In response to the demand for a simple inexpensive 
equipment for testing current transformers, numerous 
arrangements for making such tests have been 
developed. Although several of these methods are 
comparatively old, none has come into general use 
because of certain limitations, such as time required, 
insufficient accuracy and lack of robustness. Some of 
these methods utilize deflection instruments, and others 
employ integrating instruments for measuring the 
quantities involved. On the other hand, all of the 
precision laboratory methods now in use for measuring 
the constants of current transformers are based on 
null methods. 

Dr. F. B. Silsbee of the U. S. Bureau of Standards 
embodied the null measurement principle in a simple 
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method for the comparison of two-current transformers 
of the same nominal ratio. The method is described 
by him in Scientific Paper No. 309 of the Bureau of 
Standards. A current transformer testing set em- 
bodying the principle of Dr. Silsbee’s is now available. 
The ratio and phase-angle of the transformers being 
tested are determined by comparison with a standard 
transformer, the calibration of which has been deter- 
mined previously by some absolute laboratory method. 

What the instrument actually measures is the differ- 
ences in ratio and phase-angle between the transformer 
being tested and the standard transformer. It is 
important to note that the instrument measures dif- 
ferences because difference measurements can be made 
with much greater accuracy than absolute measure- 
ments. 

One of the makers of recording instruments reports 
the development of a new movement in a round chart 
electrical recording instrument, consisting essentially 
of a coil acting as a solenoid with the core located in a 
horizontal position in the center of the coil and sup- 
ported on knife edges so that its motion backward and 
forward in the coil varies as a current flowing through 
the coil varies. Claim is made from tests on these 
instruments that a greater degree of accuracy is to be 
obtained over the entire scale than was formerly ob- 
tained with the similar design consisting of the move- 
ment of two coils attracted to one another. This new 
design is developed in recording voltmeters and am- 
meters. 

Various devices have been used for some years to 
indicate phase rotation on polyphase circuits. 
Arrangements of a more or less complicated nature 
have been made up and used locally by various opera- 
ting companies to serve this purpose, but during the 
past year a manufacturer has developed and placed 
on the market a phase-sequence indicator. This is a 
device in small compact portable form, consisting 
essentially of an arrangement of coils operating on a 
single lamp as an indicator. A set of directions ac- 
companies the device, so that by two trials in connect- 
ing the binding post to a polyphase circuit, the phase 
rotation can be determined. 

Current transformers for laboratory and portable | 
use of the through type, permitting the threading of 
one or more primary turns, have been available for 
sometime. During the past year, however, one of the 
instrument makers has developed a current transformer 
of this type with additional self-contained primary 
connections which can be varied through a certain 
number of combinations giving an extremely wide 
primary range of current from 10 to 800 amperes. This 
transformer has, primarily been designed and con- 
structed to give results of a better degree of accuracy 
than can be obtained from other preceding types of 
portable current transformers of this type. 

The continuing necessity for an electrostatic type of 
voltmeter is referred to in an article by E. H. Rayner 
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in the Journal of the Institution of Electrical Engineers 
(British) of January 1921. Description is given of a 
precision form of Kelvin electrostatic voltmeter. 
Several mechanical and structural changes have been 
made in the new type of instrument with a view to 
eliminating known limitations and to increase the 
range and precision of the instrument. 

One of the manufacturers reports the development 
of a portable frequency indicator, self-contained in a 
carrying case comparable with the remainder of their 
line of portable instruments. The armature circuit 
has two branches, one unaffected by changes of fre- 
quency, the other approximately resonant at normal 
frequency. The scale covers 90 angular degrees and 
gives an effective range of 55 to 65 cycles. 

In the same line of portable instruments referred to 
above is a self-contained capacitance meter. This 
consists essentially of a standard condenser mounted 
in a case and the condenser or capacitance to be meas- 
ured is compared with the standard by an armature 
construction equivalent to that of the power factor 
meter. 

The very considerable activity in the field of radio 
transmission and reception has stimulated the design 
of instruments, particularly adapted to the quantities 
encountered in this field. Without endeavoring to 
list here all of the small low priced instruments for 
current and voltage measurements in connection with 
wireless equipments, developed by various manufac- 
turers which have been placed on the market recently, 
reference is made to one or two devices only which 
seem new in principle or new in construction. 

A standard radio wave meter has been designed and 
constructed by the radio section of the Bureau of 
Standards and this instrument, when calibrated, will 
be capable of measuring wave lengths from 65 to 85,000 
meters, or in terms of frequency from 3500 to 4,600,000 
cycles per second. A new type of standard inductance 
of the astatic principle has been developed and placed 
on the market. 

In the field of electrical instruments for boiler or 
chemical measurements are the following developments. 
A new conductivity cell has been developed for direct 
insertion into a boiler drum in order that the concen- 
‘tration of salts in a boiler may be easily determined. 
The cell is constructed in such a manner that it may be 
safely used on pressures up to 300 lb. per sq. in. The 
electrodes are made of heavy nickel and the insulating 
structure is practically unbreakable. 

The concentration indicator used with the cells may 
be calibrated in total dissolved solids or chlorine con- 
tent. Calibration is made for the average operating 
pressure so that the effects of temperature variations 
are minimized. The advantages of this new cell are 
due to the elimination of sampling methods and of ase 
necessity for extra piping to the boilers. 

A thermocouple for direct insertion into a ete 
under pressure has been developed.f{{It may be in- 
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stalled at almost any point in the drums or headers 
and will safely withstand pressures up to 300 lb. per 
sq.in. Preliminary tests indicate that it is reliable 
and accurate. It is expected that this new thermo- 
couple will be found useful for measuring variation inf 
temperature throughout a boiler under varying loads. 

A new recording meter for measuring acidity and 
alkalinity of boiler feed water has been recently 
developed. The method of measurement is based 
upon the determination of the hydrogen ion concentra- 
tion of the feed water. The recorder operates on the 
potentiometer principle and records the voltage existing 
between two electrodes immersed in the feed. 

The most important feature of the apparatus is the 
ability to measure actual acidity as distinguished from 
the total acidity determined by the usual titration 
methods. Actual acidity depends upon the hydrogen 
ion concentration and is one of the important factors 
involved in boiler corrosion. Another great advantage 
lies in the ease with which the recorder can be utilized 
to automatically operate signal lights or alarms to 
indicate undesirable conditions of the feed. Experi- 
ments are under way to determine the value of such 
apparatus used in conjunction with automatic valves 
to control the amount of alkali added to feed water, 
and thus maintain the alkalinity of feed within certain 
limits. 

Considering méthauls of measurements rather than 
specific devices which may have been under considera- 
tion during the past year, reference should be made 
to the continued activity in analyzing and discussing 
methods of calibrating instrument transformers. A 
significant appreciation of the inherent errors in current 
and potential transformers is growing throughout that 
part of the electrical industry using instrument trans- 
formers for accurate measurements. This is confirmed 
by the continued development of apparatus for checking 
current transformers, one being referred to elsewhere 
in this report. Some of the central stations have 
equipped their testing and standardizing laboratories 
with instrument transformer checking equipments, 
these being, in general along the lines recommended 
and used by the Bureau of Standards. The equipment 
is essentially a potentiometer method, based on stand- 
ard resistances and provides an extremely accurate and 
rapid means for calibrating instrument transformers 
over their-entire range. It is a laboratory equipment 
and is not applicable for use in the field. 

During the past year there appeared an article by 
Messrs. J. R. Craighead and C. T. Weller in the 
General Electric Review of July 1921, analyzing the 
advantages and limitations of the watt-hour meter 
method of testing current transformers for ratio and 
phase angle. 

At the suggestion of President McClellan, inquiry 
has been made by your committee of various individu- 
als in the field of activity covered by the scope of this 
committee for suggestions of future line of research and _ 
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investigation. Two lines of activity have been 


indicated. 

There is apparently a demand among the central 
stations for an accurate and ready means of determining 
the character and extent of faults in cables and after 
the fault has been determined by measurement, there 
is need of some form of apparatus, preferably portable 
in character which will localize the fault so as to permit 
the cutting out and repair of the faulty section of cable. 
It is possible that some of the apparatus for all of the 
foregoing necessities falls outside of the scope of this 
committee. However, inasmuch as part of the prob- 
lem involves measurements to determine the fault, it 
is advanced here as a matter of record. 


In this connection reference should be made to the 
method of locating faults in underground cables de- 
scribed by Mr. Luigi Selmo in L’ Elettrotecnica December 
5, 1921. It is stated that this new scheme, tested 
recently, has been found very satisfactory in locating 
faults on the lines of the Societa Napolitana per Im- 
prese Elettriche. The method has the great advantage 
of simplicity requiring only the use of two commercial 
type a-c. voltmeters (for instance, the hot wire type) 
which do not require any special instructions to set up 
and are easily read. 


The other subject which was advanced for continued 
investigation and research is the question of the 
measurement of high potentials, particularly in view 
of the recent rapid increase in potentials in commercial 
apparatus in connection with the high voltage trans- 
mission lines. The committee does not, of course, 
overlook or ignore the considerable amount of very 
excellent work which has already been done in this 
direction, but with the steady extension of the previous 
limits of commercial voltages there arises a definite 
need for continued and extended activity to provide 
practicable, simple and accurate means for measuring 
these potentials. 

F. V. MAGALHAES, Chairman 


LIGHTING AND ILLUMINATION 
COMMITTEE 


To the Board of Directors: 

The Committee herewith submits its report in 
two sections—first, activities of the Committee, and 
second, progress in the art. 


ACTIVITIES OF THE COMMITTEE 


The Committee was appointed about the middle of 
October. Early in November, a “correspondence 
meeting” was held, by which the views of the Committee 
were obtained on subjects which appeared important to 
the Chairman. This was followed by a meeting at the 
Association’s headquarters. At this time, the plans 
for the year were finally agreed upon and arrangements 
made for carrying them out. 
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ILLUMINATION ITEMS 

The principal innovation of this year’s Committee 
is the inauguration in the JOURNAL, of a section under 
the heading “Illumination Items.” It is the purpose of 
this section to set before the membership, brief articles 
of interest on topics falling within the field of this Com- 
mittee. It is the hope of the Committee to supply, 
through this channel, comprehensive, up-to-date infor- 
mation, in such form as to make it of greatest value to 
practising electrical engineers. Among other things, it 
is the intention to review, briefly, valuable material from 
other sources, which, in its original form, is too special- 
ized or voluminous for the convenience of engineers who 
do not specialize on lighting. 

Mr. W. M. Skiff has undertaken the compilation of 
material for the Committee. This section was initiated 
with the issue of February 1922, and already quite a 
number of favorable comments have been received. 
In the three issues published to date, the volume of text 
is as follows—February, page 149, six columns; March, . 
page 228, five columns; April, page 278, five and one- 
quarter columns. Material in excess of the require- 
ments of the May issue is in the Editor’s possession. 

In connection with this activity, the Committee has 
undertaken to supply the Editor, at his request, with 
“fillers” on lighting to be used at’ his discretion. 


GENERAL MEETINGS 


Dr. B. E. Shackelford was designated to take charge, 
for the Committee, of any arrangements for papers to 
be presented before General Meetings of the Associa- 
tion. A paper on ‘Glare’ was presented at the 
Niagara Falls convention. 


SECTION AND BRANCH MEETINGS 


The Committee stands ready to cooperate, so far 
as practicable, with sections and branches in arranging 
for papers on lighting. An announcement has been 
made in the JOURNAL, but on account of lateness in the 
season, it is not anticipated that much will be done 
during the current year. 


LIGHTING PROGRESS 


Lighting along with other activities was slowed 
down during the year 1921, due to business depression. 
While the lamp consumption was within 80 per cent of 
that of the previous year, the demand for construction. . 
materials fell off considerably more. Under the circum- 
stances, the energies of manufacturers were naturally 
toward the disposal of existing stocks, rather than 
toward the development of new devices. The magni- 
tude of the use of electric lighting is best indicated by 
the sales of incandescent lamps. In 1921, one hundred 
and sixty-six million large, and ninety-five million 
miniature lamps, were sold in the United States. 

While practise in the lighting of commercial and 
industrial interiors is tending strongly toward general 
lighting from overhead locations, there are certain 
conditions where local or temporary lamps are required. 
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To meet these conditions, there has been developed a 
new type of mill type tungsten filament lamp, which is 
somewhat more substantial than any of its predecessors. 
Utilizing similar principles of construction, some new 
or improved sign lamps have also been developed. 
Considerable improvement has been made in the con- 
struction of the incandescent lamps for motion picture 
projection, and it is reported that over one thousand 
theatres are now so equipped. 

For several years there has been under way, a 
development for providing a more convenient means of 
hanging fixtures, so that by means of a plugging device, 
they could be put up and taken down by novices. 
Since standardization is a prime requisite for such a 
device to insure interchangeability, an especial effort 
has been made to bring various inventors together. 
It is understood that such interchangeability devices 
are about to be made available by the various manu- 
facturers of wiring devices. 

This development led to the contradictory expression 
“removable fixtures,’’ and the Illuminating Engineering 
Society has proposed the term “luminaire” as a sub- 
stitute for ‘‘fixture,” “lighting unit,” etc. 

There has been a number of developments in 
luminaire or fixture design. There is a marked ten- 
dency to use enclosed semi-indirect equipment, to 
facilitate cleaning. Also there is an increasing use of 
more or less dust-proof enclosing globes. The shape 
of such globes is tending to the flat or squat forms, in 
order to increase the vertical components of light and 
reduce the horizontal. 

A number of new color-matching equipments have 
been designed, adapted to particular applications. 
There are indications of an increasing use of diffusing 
glassware in industrial lighting. The equipment 
requiring round bulb lamps is still in favor for home 
lighting, although some. new developments, taking 
diffusing glassware, appear very interesting. 

Not the least important development in regard to 
lamp equipment, is the movement toward the standardi- 
zation of mechanical parts and dimensions of fixtures 
and glassware. ‘ 

That there has been considerable activity in the 
installation of street lighting, is evidenced by the 
report that a leading manufacturer sold about 15 per 
- cent more equipment in 1921 than in 1920. An investi- 
gation reported during the year, gives an indication of 
the importance of good illumination as a preventative 
of traffic accidents. 

The general tendency has been toward better street 
lighting with more or less ornamental units, of which 
the single globe upright has been predominant. Better 
means have been devised for maintaining attractive 
appearance without sacrificing the effectiveness of 
light distribution. Among the important means to 
this end has been the use of rippled or prism glassware 
(with or without refractors) so arranged as to diffuse 
the light without largely modifying its direction. 
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Highway lighting is assuming a new importance, 
since it has been shown to be effective in promoting 
safety on heavily travelled thoroughfares. Moreover, 
the expense of such installations and maintenance is 
moderate, compared with the other features of construc- 
tion suitable for dense and heavy traffic. Special 
reflectors are being developed for this service, which 
utilize much of the light ordinarily delivered outside 
of the roadway. 

Outdoor sign lighting stands out on account of 
the rapidly increasing quantities of light employed. A 
year ago, relatively few outline signs were using larger 
than 10-watt lamps. Now, 25 and 50-watt lamps are 
common, while 75 and 100-watt lamps are used to a 
considerable extent in the large metropolitan signs. 

Electric lighting of signals in streets, railway cross- 
ings and on the railway systems themselves, has made 
quite an advance. 

In interior lighting, no application has fallen farther 
short of the canons of good practise than the school 
house, despite the fact that the welfare of the future 
generation was involved. Educators and others have, 
during the year, pointed out the need of better lighting, 
and reports from all sections of the country show a very 
keen interest in school lighting, in connection with 
both new and old buildings. The State of Wisconsin 
is the pioneer in adopting a school lighting code, 
although the New York Board of Education had already 
been requiring compliance with the Illuminating 
Engineering Society’s code, in all schools receiving 
State aid. 

The Illuminating Engineering Society’s Industrial 
Lighting Code, referred to in previous reports, has 
been made an American Engineering Standard. This 
has resulted in renewed activity in several states which 
have not adopted such regulations. 

Automobile headlighting regulations, based upon the 
Illuminating Engineering Society’s code, are now in 
force in fourteen states, which represent about 50 per 
cent of the automobile registration of the country. 
About 40 per cent of the Canadian automobilists fall 
under similar codes in the several provinces. As a 
result of experience in Massachusetts, the requirements 
of the Illuminating Engineering Society’s code has been 
strengthened. 

In the field of research and investigation, much new 
data have been brought out. Some of the subjects 
include color temperature, ocular functions, gloss on 
paper, reflection characteristics of paints, and other 
surface finishes, refraction and interlaboratory photo- 
metric comparisons. New investigations of lighting 
practise in various classes of interiors have been 
reported. 

The year has been one of activity in matters of 
lighting education. Lecture courses have been held 
in several cities and portable lighting demonstrations 
have been exhibited in a large number of places. An — 
excellent example of a permanent lighting demonstra- 
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tion at the Massachusetts Institute of Technology has 
exerted a perceptible influence on the practise in that 
part of the country. 


G. H. STICKNEY, Chairman 


POWER STATIONS COMMITTEE 


To the Board of Directors: 


The Power Stations Committee was appointed some- 
what late in the administrative year, which naturally 
handicapped its activities. However, the report of 
last year’s committee was so comprehensive and com- 
plete that it is probably unnecessary and perhaps 
undesirable to try to attempt a similar kind of report 
so soon thereafter. 


In past years there has been some overlapping of 
subjects by committees of the various national societies. 
In order to eliminate duplication of effort as far as is 
thought advisable, a group of chairmen of committees 
dealing with power station subjects in the various na- 
tional societies was called together at the invitation of 
President McClellan for the purpose of coordinating 
their work. At this meeting an informal committee 
was formed of those present with the Institute Power 
Stations Committee’s chairman as the chairman of this 
Committee on Coordination. 

At the conference it was generally agreed that while 
the N. E. L. A., A. E. R. A. and A. E. I. C. committees 
dealt particularly with new developments and their 
application in electric power and railway fields, with 
special emphasis on desirable developments as deter- 
mined by experience, the Institute committee should 
deal more particularly with the technical and scientific 
side of the problems involved in the design and use of 
equipment. When such problems arise in the work of 
the committees of the N. E. L. A. and similar bodies, the 
chairmen of those committees will refer such problems 
to the Institute committee for attention. The agree- 
ment of all of the chairmen at the conference to this 
plan should insure a proper coordination of the work 
and allocation of the various phases to the proper 
society. It is the intention in the annual reports of the 
Power Stations Committee to call attention to some of 
the more interesting developments described more fully 
in the committee reports of these other societies. How- 
ever, such reports are usually not issued until May or 
June and it will therefore be difficult to embody these 
references in a report presented to the Institute at its 
summer meeting. This suggests the desirability of 
having some of the Institute committee reports pre- 
sented at a later meeting in the year. 

In addition to the above, the committee has aided 
the chairman of the Meetings and Papers Committee 
in the selection of papers on power station subjects for 
presentation before Institute conventions. 


R. F. SCHUCHARDT, Chairman 
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MINES COMMITTEE 
To the Board of Directors: 


During the past year the Mines Committee has ar- 
ranged for two combined meetings of local sections of the 
A. I.E. E.and the A.I.M.&M.E. One of these meet- 
ings was held in Pittsburgh on April 18th, at which time 
a paper was presented by Mr. J. C. Damon of the West 
Penn Power Company under the title of ““The Use of 
Central Station Power in Coal Mines.”” A number of 
Bureau of Mines officials were present and the papers 
brought forth a lively discussion among coal operators 
and central station men present. 

A second meeting was held in May in Chicago 
where two papers were presented; one by Mr. Clay- 
ton of the Illinois Central Power Company and the 
other by Mr. Adams, Electrical Engineer of Allen & 
Garcia, Consulting Engineers. Both papers were on 
the subject. of ‘‘Central Station Power in Coal Mines;’’ 
one based on the viewpoint of the Central Station 
Company and the other from the viewpoint of the 
customer. During the coming year it is suggested that 
the Mines Committee encourage similar combined meet- 
ings in other localities. 

Owing to the large stocks of metal and the quiet 
condition of most all of the industries during the past 
year, both metal and coal mines have been operating 
at low outputs. A number of the metal mines are, 
however, taking active steps to get started again and 
with the gradual improvement in industrial conditions, 
both metal and coal mines will enjoy an increase in 
demand that will be very gratifying. A large number 
of the coal mines are closed down at this time, due to a 
nation-wide strike. The large stocks of coal on hand 
together with the general slack condition of the indus- 
tries, makes the effect of the strike little felt and unless 
the strike is soon settled the non-union fields will enjoy 
a very steady business. 

Both metal and coal mines are contemplating exten- 
sive changes in application in electric power and in 
some cases active steps are being taken to place the 
mines in the best possible condition in respect to the 
use of power. 

The use of central station power for mines is growing 
in popularity each year and it is now the exception for a 
mining company to install an isolated power plant if 
central station power is available. During the war the 
central station power systems were greatly overloaded 
resulting in poor service in many cases. Since the war 
the load has decreased and the central station systems 
have spent a great deal of time and money in strengthen- 
ing their lines and improving their service so that very 
few complaints are now heard regarding poor service 
from central station power. 

Improvements in the use of electric power in mines 
during the past year have been more or less curtailed 
and consist largely of improvements in loading machines, 
the further application of automatic substation equip- 
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ment and automatic control systems for mines, fans 
and pumps. 

There has been little activity during the past year 
in regard to car dumpers, coal and ore bridges, shovels 
and drag lines, but there seems to be an indication of 
some activity during the coming year. 

The by-product coke oven industry has been very 
quiet during the past year, but there seems to be indi- 
cations that there will be considerable activity during 
the coming year. This will give the builders of by- 
product coke oven plants a chance to take advantage 
of some of the new schemes that have been recently 
developed and tried out. 

GRAHAM BRIGHT, Chairman 


MARINE COMMITTEE 


To the Board of Directors: 

The activities of your Committee have been some- 
what affected due to the sudden and serious illness of 
the Chairman, Mr. Arthur Parker. However, we are 
pleased to report his gradual return to health. 

Your Committee being associated with an industry, 
(shipbuilding), which received a great impetus during 
the war, finds itself ina somewhat similar position to 
that industry. The large fleets of merchant vessels 
tied up in all parts of the country and the question of 
disarmament has had a retarding effect on the program 
laid out. by the Chairman at the beginning of the year. 

Seven meetings have been held. The first, Septem- 
ber 23rd, at which time the Committee was organized, 
Subcommittees appointed and the following work left 
from the previous year was undertaken: 

1. Work of the Historical Committee. 

2. Fixtures, fittings and etc. to meet requirements 

of the New Marine Rules. 

3. Terminal facilities at piers. 

4. Joint Meeting with the Society of Naval Archi- 

tects and Marine Engineers for November 17th. 

5. Adoption of Marine Rules by the American 

Engineering Standards Committee. 
The following Subcommittees were appointed: 
(a) To further the cause of having the Marine Rules 
adopted by the American Engineering Stand- 
ards Committee. . 

(b) To write specifications for standard appliances. 

(c) To detail power apparatus for auxiliary ma- 

chinery. 

(d) Propulsion Committee. 

(e) Historical Committee. 
(f). Radio Committee. 


(g) Joint Meeting with Naval Architects and 
Marine Engineers. 
(h) Wires and Cables. 


(i) To have Steamboat Inspection Service include 
some requirement of electrical knowledge by 
licensed engineers and a separate electrical 
license for motorships. 

(j) Editing Committee. 
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The year’s work has been rewarded with many 
successes. 

Through the efforts of Subcommittee (a), American 
Engineering Standards, the Institute is the sponsor 
body for “Electrical Installations on Shipboard,” 
“Marine Rules.” Thus, concluding the labors of our 
Subcommittee. President McClellan appointed our 
Subcommittee as an organization committee for the 
Institute to form the American Engineering Standards 
Committee and the work has progressed very satis- 
factorily and it is believed the Committee will be 
organized this Institute year. 

Standard Appliance, Subcommittee (b), has com- 
pleted specifications for feeder, junction and branch 
boxes: 

Conduit and conduit fittings. 

Fuses. 

Receptacles, plugs, switches, non-watertight. 
Receptacles, plugs, switches, watertight. 
Bulkhead and conduit terminal tubes. 
‘Steamtight fixtures and fittings. 

Electric air heaters. 

It is the intention to have these specifications incor- 
porated in the reprint of the specifications and some 
arrangement made for the testing and approval of the 
appliances. 

Power Apparatus Subcommittee (c), in addition to 
collecting data from the increased number of motor 
driven auxiliaries on shipboard and the advent of the 
motorship, where all auxiliaries are motor driven, 
making much data available, was assigned the duty of 
bringing the Marine Rules up to date so that when the 
American Engineering Standards Committee was 
formed, these suggested revisions would be available 
for their consideration, and this work has been con- 
cluded. 

The Propulsion Subcommittee (d) has concluded 
the work assigned it, that of preparing ““Recommenda- 
tions for Protection of Electrical Apparatus for Use 
on Shipboard” and referred to in last year’s report and 
it is the desire to have these Recommendations issued . 
to all those vitally concerned. It is the opinion of your 
Committee that rules for propulsion machinery should 
not be prepared until a later date. 

The Historical Subcommittee (e) has prepared 
considerable data bearing on electrical installation on 
shipboard from very early dates to the present and it 
is the intention during the coming year to prepare 
several articles giving the date, title, brief of the article 
and publication, also, supplement these articles with — 
papers on electric propulsion. 

The Radio Subcommittee (f) found that due to the 
rapid changes, it was thought advisable to revise that 
section of the Marine Rules. The Institute of Radio 
Engineers very gladly appointed a committee to assist 
our Subcommittee with this revision, which has been 
completed and we take this opportunity of thanking 
them. This revision will be available for the considera- 
tion of the American Engineering Standards Committee. 
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The Subcommittee (g) Joint Meeting with the 
Society of Naval Architects and Marine Engineers in 
New York, November 17th, desire special mention 
owing to the success attending this meeting. Two 
papers were read. 

“Electric Auxiliaries on Merchant Ships” by E. D. 
Dickinson, Marine Department, General Electric 
Company and “Electric Propulsion” by W. E. Thau, 
Commercial Engineer, Westinghouse Electric & Manu- 
facturing Company. 

Both subjects were well presented. The discussions 
were numerous, long and heated and brought out many 
interesting facts, the most notable perhaps was in the 
discussion of Mr. Thau’s paper that to date the electric 
drive had not shown as good economy as reduction gear 
drive, which was much to the surprise of a majority of 
those present. 

Subcommittee (h), Wires and Cables, has been 
active in discussion of proposed changes, and, no doubt, 
the coming year will bring forth some desirable changes 
in the present specifications, as well as, uniformity 
in specifications for wires and cables for shipboard 
work. 


Subcommittee (i), Steamboat Inspection Service, 
is of recent origin. The ever increasing use of electric- 
ity on shipboard, on steam driven vessels for economy, 
and on motorships from necessity suggests the neces- 
sity of the licensed engineer being familiar with the 
subject of electricity, which today is not a requirement 
for a license. The additional hazard can only be at- 
tended with diaster unless the personnel to whom the 
care of electrical apparatus is entrusted are required to 

- have sufficient knowledge for its proper operation and 
maintenance. — 


Editing Subcommittee (j) has about concluded the 
work prepared by the Subcommittees (b), (c), (a), (f). 

I desire to take this opportunity to thank each indi- 
vidual member and the Chairman of the Subcom- 
mittees in particular for their good attendance, 
enthusiasm and untiring effort, and congratulate 
them for the amount of good work done, partic- 
ularly, in view of the absence of the Chairman and 
the lack of interest in the shipbuilding industry during 
the past year. 

The coming year will bring many arduous duties, 
particularly, to the Subcommittee on Steamboat 
Inspection Service and it will only be by persistent and 
studious application that results will be obtained. 

Acting for the Chairman, I will repeat-the concluding 
paragraph of his 1920-1921 report: 

“Tt is this thought in particular that I would leave 
with the Marine Committee for the ensuing year, that 
good work can only be accomplished through good will, 
consistant application and real cooperation.” 

_ G. A. Pimrce, JR., Chairman protem 
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IRON AND STEEL INDUSTRY 
COMMITTEE 
To the Board of Directors: 


REVERSING MILL DRIVE EQUIPMENT 


At present, economic conditions are such that an 
expansion of steel mills to produce a greater tonnage of 
steel is not important, and reversing mill electrifica- 
tion consists mainly in revamping present plants. This 
is either done by installing an electric reversing mill 
equipment in place of a steam engine, or it may be 
that the mill itself is obsolete, and the mill with its 
drive is replaced with electric drive and a new mill. 
This is usually done in order toreplace worn out machin- 
ery, or to obtain advantage of lower cost of production. 
In the last two years, considerable attention has been 
given to the cost of producing steel and the reversing 
mill drive has received as much attention as any other 
type of mill. Considerable cost data are being published 
from time to time on electrically driven mills, so that 
it is a simple matter for those who are considering the 
installation of an electric reversing equipment to deter- 
mine their cost with a very great degree of accuracy. 
This is something that has not been available hereto- 
fore, due to the difficulty in actually determining the 
amount of steam an engine takes. Several reversing 
engine installations have recently been made on the 
basis of obtaining some very substantial improvements 
in economy, but no results have been published from 
their installations, so that it is only natural to infer that 
the results which they had anticipated have not 
materialized. . 

In 1907, the first installation of an _ electric 
reversing mill was made in this country. Since 
1913, the growth of the electrically driven reversing 
mill has been rapid, until today there are approximately 
forty installations in operation rolling all kinds of pro- 
ducts. Although there are many features of this equip- 
ment which are still retained, the improvements in the 
design of reversing mill equipments have taken place 
so rapidly that our present day equipments have an 
entirely different appearance from those first installed. 
With each new installation, manufacturers have en- 
deavored to incorporate features which permit the 
apparatus to perform its duty with greater ease, and 
thereby reduce the attendance and maintenance. 
Today, the majority of the electric reversing mill drives, 
regardless of manufacture, require very little attention, 
and the delays upon the mill are almost negligible. 
Attention over the week-end is seldom more than an 
inspection, which requires the service of one man for 
only a few hours. This is in quite a contrast to that ~ 
required in reversing mill engines, including those which 
have been installed in the last few years. The art of 
applying electric drive on reversing mills has now 
reached a point where the capacity and characteristics 
of each machine involved can be determined very 
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definitely, and assurance given that the cost of attend- 
ance and maintenance is almost a negligible item in the 
total cost of producing steel. 

A most important fact was the replacement of a twin 
tandem reversing engine which drove the first finishing 
stand, a rail mill, by reversing motor equipment. This 
equipment was the jirst main roll electric reversing drive 
sold in this country to replace an engine. It was sold in 
1917, and delivered in 1918, but conditions at the user’s 
plant were such as to make it inexpedient to install this 
equipment until this year. 

The motor unit has the highest continuous horse 
power capacity (8000 h. p. 50 deg. cent.) of any electric 
reversing drive in the world. It was designed to roll 
the first four of the last five passes on a 105-Ib. rail 
section at the rate of 240 gross tons per hour. The 
last pass is made in an adjacent mill driven by a separate 
engine. Although the equipment has not been fully 
loaded as yet, the mill has rolled at the rate of 198 gross 
tons per hour of 105-Ib. rail, which exceeds all previous 
tonnage records on this mill. A particularly interesting 
feature is that this rate of rolling was made with the 
last finishing stand disconnected from its engine, and 
connected to the first finishing stand so that the motor 
was driving both stands and rolling five instead of four 
passes. 

Owing to the depression in the steel industry no new 
tonnage records were made last year. 

There has been some controversy as to whether the 
motor should be shunt or compound-wound. Both 
types of motors are giving entire satisfaction, from both 
a tonnage and maintenance point of view. The motors 
are built very strong mechanically, on account of the 
great shock to which they are subjected, and are pro- 
vided with forced ventilation, as the natural ventila- 
tion of such machines would be extremely poor. 

This equipment has been developed to such an ex- 
tent that today it is practically standard, and installa- 
tions can be made, and mills started in operation at 
their maximum capacity without any question as to 
the electrical equipment. In spite of the claims that 
have been made by some engine manufacturers, the 
economy of such equipments is so much superior to the 
engine driven mills that during the last six or eight 
years almost all reversing mills have been motor driven, 
and in the rehabilitation of older plants where engineer- 
ing questions are given proper considerations the electric 
drive is the only type seriously considered. The 
ability of the electrically driven mill to turn out ton- 
nage is beyond question, and in certain mills where the 
time element is of vital importance in providing ton- 
nage, the figures obtained on machines driven by en- 
gines have been very materially improved upon. 


YARD ELECTRIFICATION 


Several of the largest steel plants of this country 
have under consideration, the electrification of their 
railroad yards, and considerable study has been given 
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this subject with a view toward settling some funda- 
mentals such as the selection between straight loco- 
motives, storage battery locomotives, or a combination 
locomotive, using just sufficient battery to operate 
when a contact system cannot be continuous through- 
out the yard. The merits of each type of locomotive 
depend to some extent on the particular plant under 
consideration, but from a purely economical stand- 
point, the straight electric locomotive has a consider- 
able advantage over the others. It is true in the case 
of straight electric locomotives that contact systems 
such as the overhead trolley line or the third rail con- 
ductor, have certain objections in a more or less con- 
gested yard with complicated track layout, but there 
are certain advantages which may or may not outweigh 
these objections. For instance, full time operation is 
possible since there is no tying up the locomotives to 
charge or change batteries, consequently for a given 
amount of work, fewer units are required; there is no 
periodic replacing of batteries; and rough usage of 
the locomotive such as it is very likely to get in steel 
plant yard service will not result in failure of battery, 
jars, ete. On the other hand, a locomotive which 
carries its own source of power has a primary advantage 
over any locomotive which must collect its power as it 
moves along. The storage battery has reached a high 
state of development in the mining industry, and there 
seems to be no good reason why the mine type of loco- 
motive cannot be enlarged to fill the needs of the steel 
plant. Part of higher cost of operation over the straight 
electric machines can be compensated for by charging 
the batteries during off-peak load periods. The princi- 
pal disadvantages of a storage battery locomotive, 
are the high first cost and renewal cost of the batteries,” 
and to a lesser degree, the loss of energy which occurs 
in the battery. 

It seems to be the opinion that third rail construction 
is preferable to an overhead contact system, due to 
the interference of any overhead wires or structures 
with the use of locomotive cranes, which are quite a 
necessary adjunct to the steel plant. Of the two 
designs, under-running and top contact for third rail 
construction, the former seems to be preferable because 
it is somewhat easier to protect with guards and oc- 
cupies less space. 

The standard direct current voltage for practically 
all large plants is 250 volts, and it would seem advisable 
to operate the yard locomotives on this circuit provided 
generating or converting apparatus can be so located 
that transmission losses are not excessive. In the event 
that heavy loads must be handled to a considerable 
distance from any substation, it has been pointed out 
that double voltage (500) could be used, and either the 
motor equipment on the locomotive connected for 
series operation, or 500-volt motors used which would 
operate at reduced speed in the 250-volt zone. 

For railway work it will be necessary to ground one 
side of the plant distributing system, and some opera- 
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ting engineers will undoubtedly object to this, but the 
fact remains that systems are operating successfully 
with one side grounded. Return feeders on the 
grounded side will be required in most cases to prevent 
electrolysis. 

Owing to the dull business period during the past 
year or more, finances have not been available for under- 
taking electrification work on a very large scale, but 
it is the present policy to start electrifying small por- 
tions of the yard and gradually adding to these portions 
until eventually electric operation will have been 
thoroughly tried out and the whole system will be 
changed over. 

MAIN ROLL Motors 


In spite of the general depression from which our 
industrial interests are slowly but surely beginning to 
emerge, and in spite of the fact that the steel industry 
throughout the country has reached a point of low 
production wholly without precedent, a review of the 
large motors and auxiliary equipment purchased and in- 
stalled during the twelve months period ending June, 
1922, for driving rolling mills makes a very creditable 
showing. All motors purchased for main roll drives with 
the exception of those for reversing blooming mills are 
included in this analysis, whether for use in production 
of ferrous or non-ferrous metals. The application for 
rolling non-ferrous materials did not exceed 7.4 per 
cent of the total, and is but approximately 1.75 per 
cent for brass and copper. 

Three of the large manufacturers of this type of 
equipment report a sale of sixty-four units with an 
aggregate normal rating of 97,590 horse power. It is 
a regrettable fact that the general adoption of a uni- 
form method of rating proceeds so slowly. The 
Association of Iron & Steel Electrical Engineers has 
adopted the maximum continuous rating with 50 deg. 
cent rise in an ambient temperature of 40 deg. cent 
with a maximum momentary torque guarantee, but 
with no guarantee of sustained overload capacity. 

Sixteen of the above motors aggregating 27,620 horse 
power were purchased on this basis. 

Fifteen more aggregating 28,900 horse power were 
purchased on the so-called Steel Mill Rating under a 
guarantee to carry rated load continuously with 35 
deg. cent. rise in an ambient temperature of 40 deg. 
cent. 125 per cent load continuously with 50 deg. 
cent. and 150 per cent load for one hour with 60 deg. 
cent. rise. 

The remainder, thirty-three, aggregating 41,070 
h. p. were purchased on basis of continuous operation 
at rated load with 40 deg. cent. rise in an ambient 
temperature of 25 deg. cent. and 125 per cent load for 
two hours with 55 deg. cent. rise. 

This multiplicity of ratings is confusing and every 
effort should be made toward the universal use of a 
uniform standard method of rating as, for example, 
the maximum continuous 50 deg. cent. basis officially 
adopted by the A. I. S. E. E. 
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The types of mills electrified during the period under 
consideration include: ° 


8 motors for Rod Mills................. 


12,070 horse power 
SIMObors TOP Bar wVidls. soto. cbse... oo ake : - 


4,900 


14 motors for Merchant Mills............ 12,400 « . 
Ammotors tor Cold sMillsy. a. Set. aN iis. 1950 as & 
3 motors for Continuous...... . 14,700 < K 


Sheet) Bar and Billet Mella 
15 motors for Hot Strip Mills............ ied 20) ae g 


1 motor for Structural Mill.............. 4,000 “ : 
PmGioreror Platemyiiiees <a ALOK 228 . 
ZaINnovore for HoopmNillsme e.5 ek atk s aati. 4,000 “ * 
Zrmoborsiton sneet Millgv > “<ishe. cc hs. 4,000 “ é 
Ss movors tor ain Plate Millss.)......2 54% 2. 3,000 © < 
temo tomhon, Lubes Villas wee, Sete 1600)“ s 
7 motors for Copper and Brass Mills..... 3,250 “ + 


OLAMGL IMOLOLS cee eee ee Total 97,590 horse power 


It is interesting to note that five of these motors 
aggregating 15,600 horse power have been installed to 
replace steam engines. 

The tendency toward higher speed with resultant 
lower first costs, improved power factor and efficiency 
continues. The successful operation of a 5000h. p. 
450-rev. per min. motor appears to have justified the 
design and construction of a 5750h.p. 500-rev. per 
min. motor included in the above list for driving a 
Morgan Continuous Sheet Bar and Billet Mill. This 
is the largest capacity mill motor thus far built for this 
high speed. 

The desirability of adjustable speed drives is still in 
evidence from the fact that 21 of the units listed, ag- 
gregating 35,370 horse power, have provision for ad- 
justable speed control. 

Thirteen of these units aggregating 26,970 horse 
power are of the well-known double range modification 
of the Scheribius system using an independent high- 
speed regulating set. This auxiliary set consists of a 
polyphase commutating machine and a squirrel-cage 
induction motor which receives the output of the main 
motor secondary at slip frequency and returns it to the 
supply system at line frequency. It also impresses 
on the secondary of the main motor a counter e. m. f. 
and frequency corresponding to the desired speed of the 
main motor. 

Seven adjustable speed units, aggregating 7400 horse 
power for two mills, are ordinary direct current 
machines with shunt field control supplied from syn- 
chronous motor-generator sets. This reversion to an 
earlier type of adjustable speed drive in these two mills 
was determined largely by the greater simplicity of the 
direct current motor with shunt field control as com- 
pared with the a-c. adjustable speed sets, in spite of 
the lower over-all efficiency of the former. 

Two adjustable speed units aggregating 1000 horse 
power are of particular interest as they embody some 
very recent developments. The main driving unit in 
this case consists of a mill type induction motor with a 
direct-connected synchronous machine on a common 
base. 

The auxiliary machine consists of a frequency con- 
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verter driven by a synchronous motor. In the opera- 
tion of the equipment, no torque is developed by the 
frequency converter and the driving motor supplies 
the power for windage and friction of the auxiliary set. 
In the operation and during regulation, the secondary 
of the main induction motor is connected to the com- 
mutator of the frequency converter and the slip-rings 
of the frequency converter are connected to the syn- 
chronous machine connected to the mill. This machine 
has the property when driven at synchronous speed, of 
taking the frequency impressed on. the commutator 
and adding to or subtracting from the line frequency 
which in this case is the secondary frequency of the 
induction motor. The voltage delivered at the com- 
mutator end of the frequency converter is the same 
voltage as that impressed on the slip-ring end and as 
supplied from the synchronous. motor. The syn- 
chronous machine on the main set and the synchronous 
driving motor for the frequency converter are excited 
with direct current. 

After starting the main motor in the regular way as an 
induction motor, the secondary circuit is transferred to 
the frequency converter. This is done with no field 
on the synchronous machine and with the frequency 
converter running at synchronous speed. If it. is 
desired to use a speed other than the normal, the rheo- 
stat, in the synchronous machine field is manipulated, 
putting a field on this machine. This causes the syn- 
chronous machine to generate a certain voltage which 
is transmitted through the frequency converter and 
impressed on the secondary of the main induction 
motor. 
or helps the generated secondary voltage, causes the 
set to slow down or speed up. Any speed within the 
speed range can be obtained by simply adjusting the 
above mentioned field rheostat giving the desired prac- 
tical range of speed above and below normal or induc- 
tion motor speed. 


CENTRAL STATION POWER 


The use of central station power in the iron and steel 
industry, stands today as follows: Most of the major 
steel plants have their own power generating equip- 
ment, but quite a number of the large works with coke 
ovens and blast furnaces as a part of the plant, are 
using a central station connection and buying a small 
portion of the electrical energy required by the plant. 
This condition was brought about in some instances due 
to the fact that during the war, the power requirements 
in the mills increased faster than it was possible to 
secure and install additional generating capacity to 
take care of same, and it was found expedient to buy 
sufficient power to take care of these requirements. 
In other instances a lack of finances, or a higher rate 
of return on an investment in plant equipment other 
than power generating apparatus was the reason for 
central station power coming into the plant, but in all 
cases where there is a central station connection, it has 
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been found to be a very great asset when a breakdown 
or trouble occurs in the local plant power houses, and 
as a matter of fact, it is an additional insurance against 
a total shut-down of the plant. 

In some localities the question of frequency has kept 
central station power out of the plant. The central 
station generates 60-cycle power, but many steel plants 
use 25-cycle power for the reason that the motor equip- 
ment for large low-speed mill drives is better adapted 
for operation on this frequency, and until recently 
converting apparatus, for securing d-c. power which is 
essential for operating the mill auxiliaries was not as 
satisfactory on 60-cycle as on 25-cycle operation. In 
such localities, the use of central station power would 
require. frequency converters or the changing of the 
mill equipment to accommodate the higher frequency. 

Recent studies and reports on super-power systems 
have pointed out the advantages to be gained from a 
conservation and economical standpoint by inter- 
connection, and the large steel. plants with central 
station connections are a step ahead of the others in the 
super-power plans; however, there is one point to which 
the central stations which burn fuel to generate power, 
must sooner or later agree, and that is that they cannot 
always sell power over this connection, but in the inter- 
ests of conservation and better mutual relations they 
should in return purchase some power from the steel 
plant, when this power can be generated from a by- 
product which would otherwise go to waste, such as is 
the case over week-ends when the coke ovens and blast 
furnaces must maintain uninterrupted operation, 
while a greater part of the remainder of the plant and 
the mills are shut down. 

Now as regards the smaller steel plants where by- 
product energy is not available for the generation of 
power, it is almost invariably the case when these plants 
are located in some large central station power zone 
that they purchase the major portion of their power 
requirements. It is this type of plant that has demon- 
strated the fact that the steel mills can be operated just 
as well on 60 cycles as on 25 cycles, and that the central 
station power is found to be very reliable. 

The steel mill engineer has two objections to central 
station power; its cost, and the hazard of a long line 
connecting his plant with the source of power supply. 
Under the first objection, he says that the restrictions 
or price penalties, under the present complicated rate 
schedules, when applied to his load, the nature of which 
is highly fluctuating with moderately low power factor, 
puts central station power out of discussion. On the 
other hand the central station power solicitor claims 
(and that very justly in most cases) that the steel man 
does not accurately figure his power plant costs, for- 
getting to take into account the fixed charges against 
the investment in his plant. However, in the final 
accurate analysis, it will be usually found that central 
station power cannot compete i in prices with steel plant 
power, when the latter is all generated from. the plant 
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by-products. Under the second objection; the length, 
type of construction, and territory over which the line is 
built, carry most consideration in determining the 
hazard. In plants where duplicate feeders over separate 
routes and into separate substations can be obtained, the 
hazard is reduced to a very low point, but in most cases 
this is not obtainable and it is advisable to have some 
reserve generating capacity sufficient to handle the 
vital plant load, such as pumps and hot metal handling 
apparatus in the event of a line disturbance or service 
interruption. 
THE ELECTRIC FURNACE 


Since its inception about forty years ago, the progress 
of development of the electric furnace has been one 
of unusual activity, especially the decade 1909 to 1919. 


From the date of the first commercial electric steel 
furnace in this country, April 5th, 1906, with a capacity 
of fourtons, the growthin number and capacity has been 
continually upward, so that in Januray 1st, 1922, there 
were 388 electric furnacesin the United States, and 50 in 
Canada. In maximum capacity this was reached in 
1921, when two forty-ton electrics were placed in 
operation at the U. S. Naval Ordnance Plant at 8. 
Charleston, W. Va. 

These furnaces are basis lined and have a transformer 
capacity of 3300 kv-a. One furnace operates with 24- 
in. diam. amorphous carbon electrodes, the other with 
14-in. diam. graphite electrodes, this giving current 
densities of 46.8 and 137.5 amperes per sq. inch respect- 
ively. with the transformers at their maximum out- 
put of 21,000 amperes per phase. The relative elec- 
trode consumption on intermittent operation is approxi- 
mately 20 lb. of carbon and 10 lb. of graphite per ton 
of steel. 

During December of 1921, an order was placed by 
the Ford Motor Company for a 60-ton electric furnace 
for their River Rouge plant. This furnace will have 
six 24-in. diam. carbon electrodes and transformer 
capacity of 9000 kv-a. The year 1921, while not pro- 
ductive of much growth numerically, will be notable 
principally for the development of large capacities. 

After the first development of the induction furnace, 
which came ahead of the are furnace, it seemed to be 
overshadowed by the latter, as prior to 1914 the largest 
unit of the induction type in the United States was two 
tons capacity. The inherent low power factor of the 
furnace and the difficulty of maintaining a satisfactory 
refractory lining were greatly responsible for this lack 
of development. In 1914 two induction furnaces of 
20-tons capacity were installed, but have not been 
entirely successful. Special applications of a 2-ton 
induction furnace have been made in the last two years, 
anda lining developed which, at last report, has with- 
stood 555 heats. This is exceptional performance. 
It would be a great mistake to surmise that the re- 
tarded progress during the past year foretells any slow- 
ing down in electric furnace development. Indeed, it 
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rather lays emphasis on how far and how fast the art 
has advaneed. 
ELECTRIC CRANES 

The electric cranes used about the up-to-date steel 
plant represents as much development and as many 
changes compared with those in plants of twenty years 
ago as have been made in almost any steel plant 
equipment. When one considers the cranes of many 
years ago driven by a square shaft, running the entire 
length of the building; or a little later, equipped with a 
single motor and the various motions manipulated 
through clutches, with the modern steel mill four- 
girder ladel crane, equipped with the latest electric 
motors and apparatus, double-bridge drive, sturdy 
cast steel or structural steel construction, bronze 
bushed quickly replaceable bearings in place of the old 
style with babbitt poured-in place, and equipped with 
the various safety devices, it is hard to realize they 
belong to the same family. 

Dynamic braking and the use of additional electric 
brakes has supplanted, to a very large degree, the 
troublesome mechanical load brake. Accessibility and 
interchangeability of parts, the elimination of overhung 
gears, substitution of either bars or angles for the old 
style copper span wires, the use of automatic control 
for motors of, say, 35 h.p. and above, and the develop- 
ment of a control whereby additional speed may be 
obtained in lowering, and also, a magnified effort to- 
wards standardization are among the developments 
made in recent years. 

During the last five years (the last one and a half due 
to the extreme depression, and the three and one-half 
years prior to that, to the war and after effects), there 
has probably been less actual development in connection 
with electric cranes than there were during the five 
years prior to that time. The last year has seen very 
few notable installations made. One of the largest and 
best known crane builders reporting, ‘“There has been 
little of importance brought out within the last year 
or so, but we are working on several propositions that 
probably, eventually, will be of considerable interest.”’ 

The Association of Iron and Steel Electrical Engineers 
is working on a crane standard which will undoubtedly 
be recognized as a standard specification throughout 
the country, for heavy duty cranes. 


CONTROL EQUIPMENT 


A most important development in magnetic control 
equipment has been perfected and put on the market 
during 1921. The design of contractors now makes it 
possible to obtain a steel mill controller with contacts 
and arc chutes having such life that it needs no longer 
be the regular week-end duty of the repair man to renew 
these parts on the severe service applications. Some 
plants have experienced the life of such parts to be as 
much as fifteen to twenty times that of former design. 
The newer design of contactor has several radical 
departures from the older type, in that all parts as far as 
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possible are made of punchings, being light in weight 
and very uniform, instead of castings which are heavier 
and require considerable machining. The result is a 
quicker operating switch of greater reliability. These 
contactors have been combined into standardized lines 
of magnetic controllers, utilizing the voltage drop relay 
scheme of current limit acceleration. Some of the 
advantages resulting from the use of the voltage drop 


relay system of control may be enumerated as follows:. 


The voltage drop accelerating system provides a 
combination of current limit and time element which 
allows the current limit setting to be high enough to 
provide torque for the heaviest loads and yet when the 
load is light and requires less starting torque, the time 
element will reduce the current and torque peaks to 
lower values. This prevents unnecessary punishment 
of motor and machinery during the light load periods. 

The torque and current peaks during acceleration are, 
therefore, more nearly a function of the load than with 
any other system of acceleration. This feature is 
particularly desirable for applications requiring variable 
starting torque, such as steel mill auxiliaries. The 
time element is obtained by purely electric and mag- 
netic means. No dash pots or mechanical devices are 
used. 

POWER HOUSE EQUIFMENT 


In reviewing data submitted by various committee- 
men,-the Chairman feels that this subject is one to be 
taken care of by the Power stations Committee, in 
that the developments in the power Stations located in 
the iron and steel industry, are identical with those of 
power stations in general, except that in a steel plant 
operating blast furnaces, the gas engine is used to great 
extent in place of the steam turbine on account of its 
higher thermal efficiency and greater flexibility in 
choice of unit size. 


ELECTRIC HEATING 


Considering general industrial conditions, the use of 
industrial heating in the iron and steel industry has 
made a very satisfactory advance in the last year. 
The number of installations made shows that the 
industry is beginning to realize that, while electricity is 
essentially a high cost fuel, the actual cost of obtaining 
a desired result may be less when this high cost fuel is 
employed than when some cheaper heating agent, as 
gas or coal, is used. 

Consideration has been given in one or two cases to 
the possibilities of electrically heated soaking pits. 
Several large steel plants have given consideration to 
the metallic resistor type of furnace for low-tempera- 
ture heat treatment. In general, however, the possi- 
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bilities of the metallic resistor type of furnace for work 
up to a temperature of 2000 deg. F. have not been 
followed up by the iron and steel industries to the same 
extent as has been increasingly noticeable in industries 
manufacturing steel products. This furnace is being 
used in the annealing of automobile castings and of 
locomotive parts, such as crank shafts, ete. 


Arc WELDING 


While, in general, there have been no radical changes 
in are welding processes employed in steel mills within 
the past year, there are indications that welding will be 
advantageously used in an increasing number of appli- 
cations in this great industry. Undoubtedly, with but 
little attention and study, there could be found many 
new applications in which are welding could be success- 
fully and economically employed, especially since 
continued research has revealed new and more desirable 
methods of metal deposition, as well as new metals and 
alloys for use in repairing different materials. 

It is well known that the repair of worn wobblers, 
one of the oldest applications of electric welding in steel 
mills, was formerly accomplished by the carbon are 
process used primarily because metal could be rapidly 
deposited. This process is gradually being replaced by 
the metallic are; with which 14, 34x 1% inch diameter 
electrodes are used, with current values varying from 
300 to 800 amperes. The use of large electrodes and 
heavy current values is similar to the carbon are pro- 
cess in that rapid deposition of metal is accomplished, 
but the use of the metallic are has the advantage over 
the carbon process in that a less skillful operator is 
required to produce reliable welds. 

A departure from the more or less standardized 
practise of using ordinary iron electrodes for building 
up of worn wobblers and spindles, is that of the use of 
high carbon steel, recently undertaken with success by 
different steel companies. There have been instances 
where old files have actually been used as the steel for 
the repair of worn wobblers, and when the supply of 
files was exhausted, electrodes were obtained having 
practically the same chemical composition. In all 
cases, the metallic are was used in the process of repair- 
ing. 

Aside from the more or less standard welding ap- 
plications such as the repair of driving spindles, pinions, 
chipped and worn rolls, ete., the electric are can be used 
extensively in the repair of all kinds of machinery in 
service in a steel mill. Until actually tried, the saving 
effected by repairing worn or broken machinery by the 
electric arc, cannot be fully appreciated. 

EK. S. JEFFRIES, Chairman 


Some Development in Insulating Materials and Processes 
in Great Britain with Special Reference to 


Thermal Consideration 
BY A. P. M. FLEMING 


Member, A. I. E. E. 
Metropolitan-Vickers Electrical Co., Manchester, England 


This paper is intended to show the lines along which the manufacturers of electrical apparatus in Great Britain 


are dealing with their insulation problems. 


Particulars are given of the facilities that have been established for insulation research, and the more important 
developments in insulating materials and processes employed in the various classes of electrical apparatus are discussed 
with special reference to thermal characteristics and consideration. 

The opinions of British electrical engineers upon certain aspects of temperature rating of machinery as affected by 


insulation are considered. 


Survey of Research Facilities 
N 1903 an investigation of the thermal properties 
of various insulating materials was made on behalf 
of the British Engineering Standards Committee 
(now the B. E. 8. A.) by the National Physical Labora- 
tory in conjunction with a few of the leading electrical 
manufacturers. Aside from this, prior to 1914, electri- 
cal manufacturers in Great Britain pursued independ- 
ently investigations in insulating problems, and except 
for occasional papers presented before technical 
institutions and contributions to the technical press, 
rarely made an interchange of experience of mutual 
interest and importance. 

In 1914 the Institution of Electrical Engineers 
established through its research committee a number 
_of panels for the investigation of certain groups of 
insulating materials. Similarly the British Electrical 
and Allied Manufacturers Association appointed a 
research committee, which has directed considerable 
attention to a number of insulating problems that were 
marked as needing immediate inquiry in a census taken 
among the members of the Association. 

The establishment by the Government of a Consulta- 
tive Committee led in 1916 to the formation of the 
Department of Scientific and Industrial Research. 
This department has organized and assisted in the 
financial support of research associations in various 
industries in cooperation with manufacturing firms. 

Later the Institution joined forces with the Manufac- 
turers Association and established the Electrical Re- 
search Committee which obtained grants from the 
Department of Scientific and Industrial Research and 
in due course became incorporated in the British Electri- 
cal and Allied Industries Research Association (Elec- 
trical Research Association). 

During this period great difficulty was experienced, 
due to war conditions, in obtaining adequate supplies 
of insulating materials, and the Electrical Research 
Association focussed its attention largely on this 
problem. 

The work of the Association is carried out under the 
direction of a council operating through sectional and 
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subcommittees. The attention paid to insulating 
problems can best be judged from the fact that seven 
out of eleven sectional committees and twenty-three 
out of a total of thirty-four subcommittees deal with 
groups of investigations relating to insulation. These 
groups comprise :— ‘ 


Fibrous Insulating Materials, including: 

Fabrics untreated and treated. 

Papers untreated and treated. 

Fibres, boards and tubes. 

Varnishes and cements. 

Enamelled wire. 

Rules for conducting electric strength tests. 
Composite Insulating Materials, including: 

General research. 

Tooling of composite insulating materials. 
Porcelain, including: 

Electrical and mechanical tests. 
Mica, including: 

Mica and micanite for commutators. 

Mica for condensers. 

Mechanical properties of mica, etc. 

Micanite. ; 
Insulating Ovls, including: 

Chemical, physical and electrical tests and speci- 

fications. 

Synthetic Resins, including: 

Supplies of constituent raw materials for manu- 

facture of synthetic resins. 

Synthetic varnish-paper boards, tubes, ete. 

Moulded insulation employing synthetic resin. 
Dielectrics (in general), including: 

Dielectric losses. 

Thermal resistivity. 

Effect of heat on insulation. 


MATERIALS 


Most researches, whether carried out cooperatively 
through the Electrical Research Association or by 


‘individual makers and users of insulation, have been 


directed principally to extending knowledge of the be- 
havior of insulation under varying physical conditions, 
improving quality, developing more scientific insulating 
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processes, defining the requirements of insulation users, 
and standardizing the methods of testing materials for 
the benefit of maker and user alike. A most important 
development has been the increasing tendency in recent 
years for makers and users of insulation to cooperate 
either individually or through the medium of the 
Electrical Research Association. For the most part 
insulating materials had in the past been supplied by 
firms having little knowledge of electrical uses or require- 
ments. Conversely, the user, except a few large firms 
controlling their own sources of supply, knew very little 
of the problems that confronted the manufacturer of 
insulation, especially in such materials as fabrics, var- 
nishes and fibrous sheets. For the purpose of this 
paper the principal developments that have taken place 
in processes and materials in Great Britain are grouped 
according to whether they are employed in connection 
with: 

a. Industrial machines. 

b. Turbo alternators and other large machines. 

ce. Transformers. 


INDUSTRIAL MACHINES 


For machines other than traction, crane and mill 
motors, Class A materials are employed, 7. e. organic 
insulation of cotton, silk and paper, either impregnated 
or untreated. In addition, however, mica wrappings or 
linings of similar material are employed to a very con- 
siderable extent on the slot portions of windings. 

Apart from an improved knowledge of their character- 
istics and their supply in greater uniformity, no very 
great advance in quality has been made or can be looked 
for in Class A materials. Certain improvements that 
are worthy of some note, however, are briefly as follows: 


PRESSBOARD 


This name is now given to that fibrous insulating 
material otherwise known as fullerboard, presspahn, etc. 
which before the war was made only to a very limited 
extent in England, the supplies being obtained from 
America or the Continent. 

While materials similar to those originally imported 
are now manufactured in England to meet the require- 
ments of certain markets, newer types of pressboard 
have been developed along two distinct lines, having 
the following characteristics: 

1. A soft, porous sheet material made from selected 
and carefully proportioned mixture of fibres and sub- 
jected to a manufacturing process which renders the 
product as absorbent as possible. 

This material is principally used for transformers, but 
is also applicable to machine insulation. Its great 
absorbent property is secured at the expense of a com- 
paratively. low density and. correspondingly decreased 
electric strength. 

2. A dense non-absorbent sheet material, during the 
manufacture of which the fibers are subjected to a pro- 
cess which reduces them to a semi-colloidal state result- 
ing in a product which is very hard and dense, possess- 
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ing exceptionally high electric strength and capable of 
withstanding prolonged immersion in hot oil without 
loss of mechanical properties. 

For most uses up to the present, this material has not 
been required to withstand temperatures over 100 deg. 
cent., and for convenience in manufacture it has been 
prepared from a mixture of fibers containing a large 
percentage of jute. Owing to its ligno-cellulose charac- 
ter however, jute has the characteristic property of 
becoming somewhat brittle at temperatures higher 
than about 100 deg. cent., and therefore, if required to 
meet more severe temperature conditions than this it 
will probably be necessary at some manufacturing 
inconvenience to employ a cotton base to secure im- 
proved aging properties. 

The following table indicates the principal character- 
istics of these two types of materials together with those 
of pressboard of ordinary quality, the test for compara- 
tive purposes having been made on 1/82-in. thickness 
of sheet: 


Mini- 
mum 
Break- radius 
down bend 
voltage without 
per mil fraction 
Quality Dens-| inair | Percent] Tensile str. in after 24 
ity |after one} of water tons/sq. in. hours in 
minute’s | absorp- hot oil at 
applica- |tion after| With Across | 100 deg. 
tion |24 hours} Grain Grain cent. 
Soft absorbent ..| 1.10 250 110 3.80 3.50 Folds 
; flat. 
Dense non- 
absorbent......| 1.43 518 44 5.2 3.80 % in 
Ordinary grade...! 1.25 300 110 4.60 3.60 % in 


VARNISH CLOTH 


Considerable progress has been made in the manu- 
facture of varnished cloth and in investigating the 
behavior of this material under working conditions, 
particularly the well-known phenomenon of the very 
excessive reduction of the electric strength with increase 
in temperature which is more marked in varnished cloth 
than in other Class A materials. 

In manufacture, particular attention has been paid 
to the specially important point of dressing. A con- 
troversy still exists on this point, but many large manu- 
facturers claim that a dressing is essential to prevent 
varnish coming into close contact with the cotton 
fibers, as it is considered that such contact deteriorates 
the cloth in that: 

1. The impregnated cloth swells and appreciably 
lowers the electric strength per unit thickness. 

2. The varnish within the capillaries of the fiber does 
not completely oxidize, at any rate for a very long 
period, and thus also lowers the electric strength of the 
material. 

3. The above-mentioned slow oxidation of the 
varnish in close contact with the fiber sets free organic 
acids which attack the fiber and produce serious weak- 
ening or so-called “tendering.” 
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Another important consideration is the suitability 
of the varnishes used. As to this there are two princi- 
pal considerations, viz., the resin content and the con- 
tents of driers. 

If the resin content is too high, the cloth lacks flexi- 
bility; if too low, the varnish film lacks sufficient 
strength to withstand tension without serious diminu- 
tion of electric strength. 

As regards the contents of driers this is a matter of 
supreme importance. For a varnish film to possess a 
high dielectric strength the varnish must be oxidized as 
completely as possible. Too low a content of driers 
causes poor dielectric strength. There is, however, an 
upper limit of drier content, and if this is overstepped 
in the slightest degree bad ‘“‘tendering’”’ of the fabric 
results. This “tendering” frequently does not reveal 
itself until several months after manufacture, and it can 
take place in a batched and wax protected roll in the 
absence of air. It is thought that in the presence of 
excess driers, unstable oxides are formed in the varnish 
film, and that these gradually decompose with the 
liberation of free oxygen which causes the “tendering.” 
In all cases where “tendering”’ results the dielectric 
strength of the varnished cloth is found to be exception- 
ally good. No knowledge has yet been found as to the 
effect of such unstable oxides on the varnish film under 
actual working conditions, but it is quite possible that 
in a temperature of 100 deg. cent. their decomposition 
would be accelerated, and that the film might be further 
oxidized, either with the formation of an acid sticky 
mass, or possibly of a friable power. In any case there 
would be considerable mechanical weakening of the 
cloth which, coupled with the effects of vibration, might 
bring about a breakdown. 


SYNTHETIC VARNISH PAFER BOARDS AND TUBES 


Materials of this description have of late been the 
subject of considerable controversy, and the general 
tendency is to curtail their use until their properties, 
particularly as regards absorption of moisture and low 
surface resistance, are more thoroughly understood. 
A great deal of investigation in this direction is in prog- 
ress and the limitations of the materials are better 
understood. 

The uneasiness felt in the use of these materials in 
Great Britain has been intensified by the fact that 
during the war many different makes were supplied by 
manufacturers insufficiently equipped in experience 
and plant to produce commodities requiring such a high 
degree of technical skill. 


MOISTURE PROOF TREATMENT OF WINDINGS 


Much consideration has been given to the most 
satisfactory method of treating windings and two 
general processes are in favor, viz: vacuum impregna- 
tion and dipping, or surface treatment. 

For vacuum impregnation on stationary windings 
bituminous compounds are generally employed, and for 
rotating windings a varnish which oxidizes only to a 
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support during the application of the mica. 
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limited extent and contains a large percentage of 
volatile solvent which consequently hardens reasonably 
well even although it penetrates into interstices not 
freely exposed to the air. Under such conditions the 
difficulties of completely oxidizing linseed oil base 
varnishes are fully appreciated. 


In none of the materials employed in these processes 
has there been any marked improvement in recent 
years. 


While it is generally felt that Class A materials have 
nearly reached their physical limits of durability under 
the temperatures and conditions met with in practise, 
there is still much knowledge to be obtained which will 
correlate the results obtained in the laboratory with 
those of practical experience in service. 


TURBO-ALTERNATORS AND OTHER LARGE JMACHINES 


The tendency has been to employ as far as existing 
processes render practicable materials of Class B. 
Some manufacturers do this to a limited extent in the 
case of stator windings where the materials employed 
usually consist of combinations of mica with paper or 
cambric. The volume of mica ordinarily contained in 
a commercial grade of these materials may be as low as 
25 per cent, and as will be seen later this proportion does 
not compare favorably with that of the insulation 
practicable on turbo-rotors. 


Some other manufacturers insulate the stator wind- 
ings throughout with mica applied in the form of mica 
paper tape. With this combination the proportion 
of mica is much lighter, the thin paper serving only as a 
Mica silk 
is also used to a considerable extent and enables the 
application of a higher percentage of mica to be made. 

In the processes of insulation, especially those ap- 
plied to the slot portions of the windings, every effort is 
made to compress the insulation to as dense a condition 
as possible and to eliminate as far as is practicable 
volatile matter which, apart from a tendency to cause 
insulation to swell when heated, is liable to condense 
in the coolest parts of the windings with very dele- 
terious effects to the insulation and risk due to its 
inflammability. 

No effective fire-proof treatment of stator insulation 
has yet been found, although many investigations are 
proceeding to this end. 

Turbo-rotor windings can be insulated almost entirely 
with hard-pressed micanite containing not less than 90 
per cent by volume of mica. The small quantity of 
grade A insulation that has to be employed during the 
assembling of these windings can be disregarded. 
Further, in supporting the end of the windings an al- 
most non-flammable insulation, such as that prepared 
from asbestos and synthetic resin, can be used, thus 
rendering the whole of the insulation of the rotor 
extremely heat-resisting. 

Probably the most marked improvements in the 
insulation of this group of electrical machinery is the 
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closer technical control and supervision that is now 
exercised of insulation processes in the shops and the 
morerigid selection of the insulation materials employed. 


TRANSFORMERS 


Materials of Class A are to a very large extent used. 
In oil-cooled transformers the solid insulation usually 
consists of pressboard or varnish-paper board (micarta). 
In the core type construction the latter material has 
hitherto been largely used. There is, however, a ten- 
dency now to employ pressboard of the very dense 
quality already described. This material is found to be 
very strong both electrically and mechanically at the 
highest temperatures met with in practise. On the 
other hand shellac varnish-paper in either tube or board 
form, as ordinarily supplied, softens at temperatures 
between 75 deg. and 90 deg. cent., and its electric 
strength at these temperatures is very low. Dense 
pressboard does not soften and possesses extremely 
good electrical characteristics. Tests on a cylinder of 
this material after exposing to a temperature of 80 deg. 
cent. for twenty hours and, then to oil at a temperature 
of 90 deg. cent. for two hours, yielded the following 
breakdown figures: 


Instantaneous breakdown........... 550 volts per mil. 
Breakdown after 1 minute.......... 445 volts per mil. 
Breakdown after 5 minutes......... 400 volts per mil. 


These results. give a time voltage curve at this tem- 
perature of a very favorable character. 

A very considerable amount of research has been 
carried out in connection with improvement in the 
quality of oil used with transformers. 
effects of shudging noted some twelve or fourteen years 
ago by large transformer users, led to the discovery of 
the non-sludging character (when properly refined) of 
the bituminous base white Russian oils. There was a 
marked tendency among British users before the war 
to employ this expensive oil, and when the sources of 
supply were cut off attention was paid to the refinement 
of paraffin base oils from other sources which up to that 
time had not shown such excellent properties. A long 
series of investigations led to the establishment of 
methods of testing which are now generally accepted in 
Great Britain and which are about to be embodied in a 
specification by the British Engineering Standards 
Association. 

The correlation between laboratory tests on highly 
refined non-sludging oils and their behavior in prac- 
tise is not as yet very complete. It is possible that their 
use affords an unnecessary margin of safety in the case 
in certain types of transformers, and that somewhat 
cheaper oils would be satisfactory in transformers where 
there is a minimum amount of bare copper exposed to 
the catalytic action, and where there is a minimum 
amount of oil surface exposed to the air. 

A considerable amount of research is being carried 
out in connection with the temperature characteristics 
of cable insulation both at the National Physical 
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Laboratory and at the works of various cable companies. 
The complete results of these investigations are not yet 
available. 


Some Rating Considerations 


LABORATORY TESTS AND SERVICE EXPERIENCE 


While it is indisputable that the rating of electrical 
machinery must be based upon the temperature which 
insulation will withstand, it is becoming appreciated 
that life tests of insulating materials made under labora- 
tory conditions are of little value as compared with 
practical experience with the operation of machines 
under known service conditions and for long periods, 
and that it is only upon the results of such experience 
that conclusions as to the durability of insulation. can 
satisfactorily be drawn. 

Laboratory tests are of the utmost value in enabling 
comparisons to be made of the relative properties of 
different materials and also in the development of new 
materials and processes. In the past, however, there 
has been a tendency to attach too great importance to 
laboratory investigations directed to the determination © 
of the temperatures at which mechanical deterioration 
occurs and on which temperature ratings should be 
based. Such investigations have not always taken into 
account the fact that the surfaces of insulated windings 
exposed to oxidation are relatively very small as com- 
pared with the exposed surfaces of test specimens; and 
that the rate of deterioration of insulation in the case of 
windings in service; where there may be a considerable 
temperature difference between the surface and the 
cooling air, is likely to differ greatly from that occurring 
in a laboratory aging oven where no such temperature 
difference exists. Then again in almost all types of 
windings the insulation is so completely supported 
mechanically that any hardening, stiffening or embrit- 
tling of its layers may proceed without any attendant 
risk of failure to a point far beyond that which would 
appear alarmingly unsafe if such support did not exist. 

The increasing. tendency for power plant engineers 
to maintain careful records of temperature performances 
of their large generator and transformer units will 
eventually afford data of the utmost value and serve to 
confirm or amend present ideas as to correct tempera- 
ture ratings. 


TEMPERATURE CONSIDERATIONS 


Ithas for long been recognized, especially in connection 
with large machine windings, that internal temperatures 
existed considerably higher than the values which have 
been adopted as standard limits for many years in con- 
nection with the older methods of measurement. The 
temperature limits now proposed for Class B materials 
under the new methods of measurement, whileapparently 
higher than the figures formerly recognized, do not 
actually imply higher internal temperatures than have 
existed in the past, or than the results of os 
indicate as safe. 
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In those cases where conditions permit the use of 
materials which withstand high temperatures, all the 
features of design should be viewed in proper perspec- 
tive and full advantage taken of high temperature 
limits if by so doing better all round performance 
results. 

In connection with the tendency on the part of British 
manufacturers to employ in transformers highly re- 
fined non-sludging oils, coupled with the use of dense 
fibrous materials which will withstand high tempera- 
tures without deformation or serious loss of insulating 
value, it is felt by some that the employment of oil 
conservators safely permits higher temperature limits 
both in oil and windings than are permissible without 
the use of these devices. 


RATINGS BASED UPON TEMPERATURE RISE 
- In the case of industrial machines there is a strongly 
growing opinion among British engineers that in the 
rating of electrical machinery the decision of the I. E. C. 
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to establish a basis for comparing tenders by different 
countries according to total temperature was a mistaken 
policy, and that temperature rise affords a much more 
satisfactory means of securing this object. 

As already noted in connection with Class B materials 
the combinations of insulation used particularly on 
turbo-alternators and other large machines differ con- 
siderably in the proportions of organic and inorganic 
materials that they contain, and consequently also in 
their heat-resisting properties. It is felt that the pres- 
ent classification is unsatisfactory and should be re- 
vised, some differentiation being made in the limits set 
according to the quality and the position in which any 
particular type of material is used. For instance the 
insulation that is possible for rotor windings throughout 
may be relatively of superior heat-resisting quality to 
that which is sometimes used on the slot portions of 
stator windings, which again is, in general, superior 
in this respect to the insulation on stator end 
windings. 


Influence of Temperature on Insulating Materials Used 


in Electrical Machinery 
BY ERNESTO VANNOTTI 


Member of Italian Electrotechnical Association, Milan 


Laboratory tests, as well as the condition of machines which have been running a number of years, show that the temperatures that 
can be withstood without damage to the insulating materials are considerably higher than those prescribed by international rules. 
The present values have probably been chosen so as to guard against too high temperatures caused by defective construction of certain 


parts of the machines. 


If exploring coils are placed suitably and with care at the points where overheating is most likely to occur, the value of the permissible 
temperature, as recorded by the coils, should be 10 to 20 per cent higher than the rules permit, in order fully to utilize the materials of con- 


struction. 


HE influence of temperature on insulating materials 
T is a question of great importance which is to be 
discussed by the American commission for the 
standardization of electrical machinery, to which 
electrical engineers of various countries have been 
invited. It is much to be desired that a thorough 
investigation of the subject might lead to the acceptance 
of the same standards by different countries, so far as 
these standards concern the permissible temperature 
rise compatible with the present state of development 
in the maunfacture of insulating materials. 

The president of the commission of Italian electrical 
engineers asked me to prepare a paper on this subject. 
However, I must call attention to the fact that the 
subject is very extensive and involved, and that causes 
of heating of the insulated portions of the machines, 
as well as of the insulating materials themselves, may 
be exceedingly numerous and complicated. I am 
therefore unable to enter into a detailed discussion, or 
to compare thoroughly the properties of the different 
materials used, but will only attempt to give a general 
survey and summarize the conclusions, which, it seems 
to me, can be drawn from practise. 

Laboratory tests, and the process of manufacture of 
different insulating materials and insulated windings 
have shown that the insulated conductors used for 
electric machines are capable of withstanding, without 
damage, temperatures which are appreciably higher 
than the maximum values laid down by the Inter- 
national Electrotechnical Commission. 

This observation is borne out by the fact that 
insulated current-carrying parts of many machines— 
the temperature rise of which corresponds to standards 
approximately in accordance with those now prescribed 
by the International Standardization Rules—are still 
in excellent condition after 20 years’ service, even in 
cases when notable overloads occur. In other words, 
the running of these machines for a long time, which 
corresponds to a continuous service lasting at least 
10 to 20 weeks, with temperatures 20 to 30 per cent 
greater than the maximum values now allowed by 
international standards, has scarcely affected the 
structure and dielectric strength of the insulating 
material. 

Practise has shown, moreover, that machines whose 
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Windings for over 5000 volts should not contain any air pockets. 


temperature rise, measured by the increase of resistance 
of the windings, remains within the limits allowed by 
International Standards, are sometimes liable to failures 
after a comparatively short time on account of excessive 
temperature rises which cause failures to occur in parts 
of the winding. As an example, I may mention the 
case of a three-phase, 6000-kv-a. turbo-alternator, at 
1500 rev. per min., 6250 volts, 580 amperes, 50 cycles. 
The stator is well ventilated and has bar winding of 
massive copper as shown in Fig. 1. This winding 
should have an average temperature rise of 60 deg. 
cent. according to the method of measuring the increase 
of the resistance. Nevertheless, the insulation was 
damaged after a certain time on ac- 
count of the abnormal temperature 
rise of the bar placed nearest the air 
gap. The small iron wedges which 
partly close the slots of the stator are 
evidently much too small to prevent 
or dampen to any great extent the 
variations of the magnetic field in the 
copper bars. For this reason, large 
eddy currents occur which entail ex- 
cessive local heating and consequent 
damage to the insulation. The copper 
bar near the air gap was replaced by 
a stranded conductor composed of a 
great number of fine wires. Although the copper cross 
section was 20 per cent less than the section of the 
solid copper bar, no further damage occurred to the 
insulating material under the same operating conditions. 

With high-voltage windings for 5000 volts and over 
(and occasionally for 3000 volts), it is well known that, 
if air is present between the individual coils on account 
of breakages in the insulation, damage is likely to occur 
as though the temperature rise had been excessive, not- 
withstanding the fact that the latter is well within the 
prescribed limits. In this case, the harm to the 
insulating material is caused by the formation of ozone 
which is produced by static discharges in the air gaps 
between the coils. 

Displacements of commutator segments have been 
known to arise, even when the commutator appears to 
be correctly designed, which entail sparking at the 
brushes. This occurrence is due to insufficient atten- 
tion having been paid to the expansion caused by heat- 
ing. 
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It appears, therefore, that abnormal temperature 
rises, or occurrences met with in practise which are due to 
constructional shortcomings prejudice the preservation 
of the insulation in service. Furthermore, it is not 
always possible to discover these faults or their origin 
during acceptance tests. 


The precise determination of these conditions forms 
part of the programme of the committee appointed to 
determine the permissible temperature rises. In my 
opinion, the existing values have been chosen unneces- 
sarily low so as to insure against concealed faults in 
construction. 

I think that it is pertinent to give an example, 
which, although not directly related to the subject under 
discussion, is of certain importance as it serves to con- 
firm my statement that the tendency is to prescribe 
stringent acceptance tests in order to guard against any 
unforseen circumstances. 

At a meeting of the Italian Electrotechnical Com- 
mission the following motion originating with a foreign 
association was discussed: ‘‘Insulation tests for turbo- 
alternators, contrary to those for ordinary machines, 
should comprise a pressure test for pressures corres- 
ponding to three times the working voltage, since this 
particular class of machines is most likely to be damaged 
by insulation failures.” I cannot understand the 
reason for this special treatment of turbo-alternators, 
and consider that the recorded damage to the insulation 
is due rather to constructional shortcomings than to 
insufficient insulation, or to an insulation test that was 
not severe enough. 

In reality, I believe that insulation failures of portions 
of conductors embedded in the stator iron are caused by 
excessive local overheating of these conductors, similar 
in fact, to the case of the 6000-kv-a. turbo-alternator 
already mentioned. With conductors of ordinary 
dimensions, that is to say, those having sections 
sufficient to preclude eddy currents, special precautions 
have to be taken to prevent local overheating which may 
be sufficient to cause the best micanite insulation to 
deteriorate rapidly. 

Defects of windings situated outside the stator iron, 
especially where the conductors leave the iron core, are 
most probably due to mechanical imperfections, which 
are easily produced by short circuits or false parallel 
connections when the end windings outside of the 
stator core are not properly secured and braced. 


I will, therefore, go a step further and assert that the 
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running conditions will be less satisfactory in the case 
of a machine which has been damaged through one of 
the reasons just enumerated, and has been rebuilt so 
as to be able to withstand a test voltage of three times 
the operating voltage, without altering the principles 
of its construction. The reason for this is to be found 
in the excessive thickness of the insulating layers of the 
parts embedded in the stator which have been renewed 
with the consequently increased difficulty of ensuring 
efficient cooling—a problem which has always needed 
great care with turbo-alternators. If the: distance 
between end connections is augmented in order to allow 
a test pressure equal to three times the operating pres- 
sure to be withstood without reinforcing their supports, 
the mechanical stresses, damage to the insulation, etc. 
will be increased on account of the greater distances and 
higher electromagnetic stresses in the end connections. 
I consider, therefore, that the allowable temperature 
rises prescribed by international standards are too low 
for machines which are designed and built correctly. 
These standards, moreover, do not permit the active 
material of electric machines to be fully utilized, and 
consequently increase the cost of manufacture. 
Moreover, it is logical that excessive local overheating 
should be objected to and that its cause should be 
found out during the acceptance tests in order to obtain 
a guarantee from its after effects. The occurrence of 
abnormal local overheating can be revealed by inserting 


- exploring coils in places which are most likely to over- 


heat. It goes without saying that these thermo- 
indicators must be manufactured and put in place with 
care so as to preclude errors of measurement. 

Finally, I should like to make the following sugges- 
tions: 

1. If the temperature rise is measured by suit- 
ably placed and reliable thermo-indicators so that 
no doubt exists as to the correct measurements of the 
temperatures‘at the hottest parts of the machine, new 
figures should be prepared for the international stand- 
ards giving the highest permissible temperatures in 
such cases, the values of which should be 10 to 20 per 
cent higher than those now allowed. 

2. All windings for voltages greater than 5000 volts 
must be provided with impregnating material in order 
to prevent air spaces between the individual conductors 
and the different layers of insulating material. 

3. Commutators should be allowed to run at a 
maximum temperature of 115 deg. cent. provided that 
no deformation or sparking occurs at this temperature. 


The Relation of Overload to the Inner 


Temperature of Machines 
BY GUIDO SEMENZA 


Associate, A. I. E. E. 
Consulting Engineer, Milan, Italy 


electrical machinery as a convenience. Very 

few consider the meaning of a rating containing 
overload allowances (double rating) from the point of 
view of the comparability of different makes of machines 
and of the effects that overload allowances may have 
on the duration of the insulation of the machine. The 
object of this paper is to show, in an elementary way, 
the process of heating going on in electrical machines 
and to consider what is the fundamental difference 
between single rating (no overload allowed) and double 
rating (overloads allowed) and to supply a clear and 
sound basis for an eventual discussion. I shall here 
only refer to continuous rating and the word machine 


C)irameae is generally regarded by users of 


will indicate generators, motors, converters and trans- ~ 


formers cooled by natural ventilation. 

If we want to design a model of an electrical machine 
in order to follow its thermic behavior, we can imagine 
it as drawn in Fig. 1. M is a mass of iron thermically 
insulated by a coating K, and leaving open in contact 
with the air, the surface a b, the diffusing surface. A 
is a conductor. J the insulation. We shall neglect 
the representation of the heat produced in the iron, 
as this does not change the results of this study. In the 
conductor A a certain quantity C of heat is produced per 
unit of time and is transmitted across the insulation 


and the iron mass M to the diffusing surface from which 
it passes by convection and radiation to the cooling 
air. If we suppose the temperature ¢) of the cooling 
air to be constant after a certain lapse of time we shall 
reach a condition of equilibrium in which all the heat 
produced in A in a second is transmitted to the air in 
the same time and therefore all the points of the 
machine will have reached a steady temperature. In 
such a condtion if we measure these temperatures we 
shall be able to plot them in a diagram, more or less, 
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of the appearance of the one shown in Fig. 2. The 
temperature ¢, of the conductor or heat generator falls 
across the insulation to ft, the fall being ruled by a law 
similar to Ohm’s law; the fall of temperature in fact 
is directly proportional to the flow of heat and to the 
inverse of the thermal conductivity of the mean. A 
second fall of temperature occurs in the mass M tots 
the diffusing surface temperature, and a third on ¢; — fo 
the fall occurring between the surface and the mass of 
the cooling air. The effect of heat generated in the iron 


Znsulatio 


2, Cooling 


or 


Fig. 2 


mass will be to increase the inclination of the line fz ¢3. 
As we have means of measuring f; and ¢) and the current 
in A, we can, in these steady conditions, know ex- 
actly what is going on in the machine. If we assume 
to to be the maximum cooling air temperature, we can 
at any time in the life of the machine be sure that the 
temperature of the copper, hence of the insulation in 
contact with it, will never rise above the value ¢,, pro- 
vided that the current in A does not increase over the 
rated intensity. 

We can easily realize also that with the same produc- 
tion of heat (that is, losses in the machine) even with 
very large difference in the thickness of insulation and 
of the mass of iron we can keep the temperature f, 
of the conductor below a certain allowed maximum, 
by adapting the area a b of the diffusing surface 
to the conditions of the special case. A thick insulation 
(high-tension machine) will give a greater fall t; — t, 
in the insulation than a thin one (low-tension machine) 
therefore in order to have ¢, constant, the value of 


ts, that is the surface temperature of the machine, will 


have to be lower in the case of thick insulation, which 
can only be attained by increasing the diffusing surface. 
The same may be said for any condition which will 
increase the internal thermic drop of the machine. 
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Therefore machines of different tension, speed, con- 
struction and make can be so designed, that in 
the steady normal conditions, or in other words, at 
their rated power, the temperature of the conductors, 
hence of the insulation, shall never exceed the 
prescribed value. 

Going back to our model let us suppose that a certain 
steady thermal condition is reached and let us increase 
by a certain per cent the current in the conductor, so 
that the production of heat per unit of time would be 
increased from C, to C.. At the first instant after the 
increase the thermal flow is still determined by the 
pre-existing conditions, so that the quantity C, of heat 
is transmitted through the insulation under a difference 
of temperature #; — t:. As in these conditions not more 
than C; can leave the conductor, the extra heat C; 
— C;, is stored up in the conductor raising its tempera- 
ture from ¢, to ¢,;’. This allows an increase of flow of 
heat across the insulation. But if we suppose the 
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insulation is formed by a superposition of very thin 
layers, each of them, receiving more heat, stores up a 
part of it in order to increase its temperature before it 
can increase its transmission to the following layer, and 
soon. Considering the whole path through which heat 
is transmitted (insulation and iron) we can say that 
in the variable period following an increase in the 
quantity produced, each element in a first period stores 
up heat then transmits it to the following one, and this 
process goes on till a new steady condition is reached 
in which in every unit of time an equal quantity of heat 
is produced and diffused in the air. For this condition 
we shall be able to plot a new diagram. Now what 
it is of interest to know is the new value of & 
and the time the system takes to reach it. The 
knowledge of both these elements is necessary. When 
overloads are stated for a limited period of time it is 
important not only to know what is the maximum 
temperature reached, but also if during such period the 
new steady temperature is reached. 
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Many causes may influence the habaviex of the 
machine in this variable period. 

First, the thickness and nature of the saan or 
in other words the thermal conductivity of the whole 
layer of insulation, as upon this will depend the fall of 
temperature and the length of the variable period. 

Then comes the construction of coils. As to trans- 
mission of heat, a single bar conductor is something 
very different from a coil of very thin wire with heavy 
insulation. Thoroughly impregnated coils are in this 
respect different from coils merely coated with shellac 
or varnishes. 

The magnitude of the iron mass and its laminated 
construction with respect to the direction of the flow 
of heat, have a good deal of importance, and here 
especially we meet with differences in the storing effect 
and in the fall of temperature necessary to drive the 
heat across the mass itself. 

Where the heat produced comes to the diffusing 
surface the temperature of the surface has an influence 
on the quantity of heat diffused by convection and by 
radiation; the diffusing coefficient is not constant, but 
increases with temperature and with the difference of 
temperature between the surface and the air. This 
phenomenon, which is from a certain point of view 
beneficial, is different in different machines. 

In conclusion machines of different tension, speed and 
construction, which at their steady normal conditions 
of work reach the same rise of temperature in the cop- 
per, when overloaded say for one hour with the same 
percentage of overload, necessarily reach different tem- 
peratures in the copper as all the elements by which 
they differ (insulation thickness, revolutions, power, 
storing capacity, dispersing surface) have different 
effects on the rise of temperature. Moreover in some 
machines the end of the overload period will find the 
new steady conditions established, in others, especially 
in heavy machines, this state will not have been 
reached. 

So we may summarize by saying that machines quite 
comparable at their normal rating for continuous ser- 
vice are not comparable the same percentage of overload 
imposed for the same period of time. 

All forms of rating with overloads (double satings) 
in use or proposed up to the present are intended to 
apply to a large variety of machines, and contain 
only rough divisions in two or a few classes according 
to power. If the German rules are excluded (in which 
it was not question of thermal overload) no mention is 
made of temperature. The buyer must be satisfied 
with the seller’s declaration that overloads will not 
spoil the machine. 

The aim of an international rating rationally con- 
sidered is to provide a manner of defining what a 
machine really is. The buyer must be able to compare 
offers of machines of different makes and countries 
by their ratings. 

With the single rating he can do it quite well; he 
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knows that a machine rated at 10 kw. will give him 10 
kw. in a continuous manner without submitting the 
insulation to dangerous temperatures. If he wants to 
overload his machine it is at his own risk. All this is 
clear, plain and simple. 

When a double rating is given in the ordinary forms 
without stating the final temperature what does the 
buyer know about his machine? He knows that at the 
rated power for continuousrun, theinsulation of the ma- 
chines will not have to bear a temperature higher than 
a certain specified value, but how can he compare offers 
if,as we haveseen, the different machines under overload 
all have different behaviors as to the rise of tempera- 
ture? How can the buyer be sure of the duration of 
his machine knowing that high temperatures are 
dangerous if applied for a certain time, and not knowing 
anything of the value of such temperatures and of the 
length of time they are applied? 
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One conclusion is that the rating of machines for 
continuous service, without any allowance for overloads 
(single rating) is a definite and clear specification and 
constitutes a fair basis for commercial transactions. 


A rating given for continuous service but allowing 
overloads (double rating) could only be compared to 
the single rating provided it can be demonstrated that 
the same overload applied to machines of all sizes, ten- 
sions, speeds and construction bring practically to the 
same ultimate temperature and to the same fatigue of 
the insulation. 


That such a demonstration can be given in the actual 
conditions of the industry is a matter of discussion. 


Should the answer be negative then the only solution, 
when double rating is wanted is to call for the specifica- 
tion of the temperature reached after the allowed period 
of rated overload. 


Report of the Board of Directors 
FOR THE FISCAL YEAR ENDING APRIL. 30, 1922 
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The Board of Directors of the American Institute of Electrical Engineers presents herewith to the member- 


ship its Thirty-eighth Annual Report, for the fiscal year ending April 30, 1922. 


A general balance sheet showing 


the condition of the Institute’s finances on April 80, 1922, together with other detailed financial statements, is 


included herein. 


The following is a brief summary of the principal activities of the Institute during the year; 


more detailed information has been published from month to month in the Institute JoURNAL. 


Directors’ Meetings.—Because of the wide geo- 
graphical representation upon the present Board of 
Directors a bi-monthly meeting policy was adopted 
beginning with October, 1921; meetings of the Bx- 
ecutive Committee were held during the alternate 
months. 

The Board of Directors held seven meetings during 
the year; six of these were held in New York and one 
at Salt Lake City, Utah. Three Executive Com- 
mittee meetings were held in New York. 

Information regarding the more important activities 
of the Institute which have been under consideration 
of the Board of Directors, the committees and the 
various officers, is published each month in the section 
of the JOURNAL devoted to “Institute Activities,’’ 


Meetings.—The Board of Directors at the meeting 
of May 20, 1921, upon recommendation of the Com- 
mittee on Coordination of Institute Activities adopted 
a new policy by which all the regular monthly meetings 
throughout the country were placed upon the same 
basis, that is all made Section meetings. A resolu- 
tion was adopted in August to the effect that in addi- 
tion to the Annual business meeting there shall be four 
general meetings of the Institute each year including 
the Midwinter, Annual and Pacific Coast Conventions. 


Annual Meeting.—The Annual Business Meeting 
was held at Institute headquarters, New York, on 
May 20, 1921. The Annual Report of the Board of 
Directors for the fiscal year ending April 30, 1921 was 
presented. The Tellers Committee presented its re- 
port upon the election of officers for the year beginning 
August 1, 1921. The business meeting was followed by 
a technical lecture. 


Annual and Pacific Coast Convention.—The com- 
bined Thirty-Seventh Annual and Tenth Pacific Coast 
Convention was held at Salt Lake City, Utah on June 
21 to June 24, 1921. Four technical sessions were 
held, all of them during the mornings, at which fifteen 
technical papers were presented in addition to the 
Presidential address, the Technical Committee Reports 
and an address by the Local Honorary Secretary for 
Italy. The annual conferences of the Sections Com- 
mittee were held with an attendance greater than at 
any previous meeting, forty Sections were represented. 
The discussions were reported in the August 1921 
JOURNAL, 


New York Meeting.-—The 872nd Institute meeting 
was held in New York on November 17, 1921. Two 
sessions were held. The afternoon was 
held jointly with the Society of Naval Architects and 
Marine Engineers and two papers were presented 
on electric auxiliaries and electric propulsion of ships. 
The evening session was occupied by a leeture on 
“World Communication,” 


Mid-Winter Convention. —The tenth Mid-Winter 
Convention was held in New York on February 15-17, 
1922. Five technical sessions were held at which 
twenty papers were presented, ‘Thursday evening 
was devoted to the presentation of the Edison Medal 
to C, C, Chesney, followed by a lecture on ‘Colloids,” 
Friday afternoon was assigned to inspection trips and 
the meeting closed on Friday night with the Annual 
Dinner-Dance, 


session 


Spring Convention—The first Spring Convention 
of the Institute was held in Chicago, Ill, April 19-21, 
1922. ‘Three technical sessions were held at which ten 
papers were presented, In addition two sessions were 
devoted to symposiums on subjects of general en- 
gineering interest and an afternoon and two. eve- 
nings were occupied by an inspection trip, theatre 
party and dinner-dance, 


Abstracts of the reports of the chairmen of many of 
the Institute committees and delegations are included 
herein under various headings, 

Meetings and Papers Committee.The Com- 
mittee has obtained during the past year an ample 
number of papers, both for the two conventions already 
held and for the scheduled meetings at Niagara, Van- 
couver and a proposed meeting next November, 

The Committee has been reorganized on a new basis 
to obtain general cooperation of its membership, 
irrespective of geographical location, Members have 
been supplied with dockets of papers received, giving 
author, title, size and contents of each paper, and this 
has aided materially in reaching conclusions and lay- 
ing plans, 

The Committee has clearly stated to prospective 
authors the bases for choice of papers, and this has 
enabled authors to meet in advance the imposed con- 
ditions, and’ has considerably lightened the work of 
review which falls upon the technical committees. 
The Committee has also endeavored to solve the ques- 
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tion of the balance of technical and general interest . 


matter published in the JOURNAL by having written 
for each specialist’s paper a “‘story”’ of the paper which 
briefly tells of the conditions of the art, the reasons 
for writing the paper, the new material added by 
experimental and analytical work, the general con- 
clusions reached—all in language that is found accept- 
able to executives, and therefore readable to the mem- 
bership at large. 


Condensed into a few words—in the evolution of the 


affairs of the Meetings and Papers Committee, the 
endeavors are definitely to further organize, systema- 
tize, coordinate and codify. 


Committee on Coordination of Institute Ac- 
tivities.—The function of this committee is to consider, 
investigate and report recommendations tothe Board on 
such matters, involving the interests of more than one 
of the other committees or not relating to the field of 
any other committee, as may be referred to it by the 
Board. , 

The most important action taken during this year 
was to recommend a new policy for the publications 
of the Institute. This recommendation was made in 
conjunction with the Meetings and Papers Committee 
and the Publication Committee and was subsequently 
approved by the Board. 

Among other matters discussed by the committee 
were the organization of the Standards Committee 
and’ the determination of a definite policy as to the 
number and location of Honorary Secretaries. 


Publication Committee.—This committee has 
general supervision of all the technical publications of 
the Institute and has been active this year in modifying 
the methods of publication of the JoURNAL and the 
TRANSACTIONS to meet the general financial stringency. 
The most important problem before the committee 
this year was to determine a method whereby the 
expense involved in printing the TRANSACTIONS in the 
form heretofore issued could be eliminated... Several 
meetings ot the committee have been held during the 
year resulting in procedure for publishing the JOUR- 
NAL and TRANSACTIONS which has been explained 
in previous notices to the membership and which is in 
effect for the 1922 publications. 


Sections and Branches.—The growth in Section 
activity which has been noted in the Directors’ Reports 
of the last few years continued during the past year 
both as to new Sections organized and number and 
attendance at. meetings as evidenced by the figures 
given in the following table. The regional Vice 
Presidents have in many cases visited the Section head- 
quarters in their territories and this has resulted, as it 
was hoped when the plan of dividing the representation 
of the Board into geographical districts was instituted, 
in a closer relation and greater interest of the member- 
ship as a whole in Institute affairs. 
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During the past year Sections have been organized 
at Columbus, Ohio, Oklahoma and Santiago de Chile. 
An extension of territory was granted to the Vancouver 
Section. 

The development of Institute Branches has during 
the past year lived up to the post-war promise of greatly 
increased scope. This development is recorded not so 
much in the increased attendance at meetings but by 
the greater number of schools of all classes from which 
the student enrollment is now drawn. The work of 
passing upon these Student applications from schools 
never before listed has required considerable time on 
the part of a special subcommittee of the Board of 
Examiners. New Branches have been authorized at 
Swarthmore College and Rutgers College. 


For Fiscal Year Ending 


May 1| May 1| May 1|May1|May1{May1|May1 
1916 1917 1918 1919 1920 1921 1922 


SECTIONS 
Number of Sec- 


POMS. asta Be na 32 32 34 34 36 42 45 
Number of Section 

meetings held... 251 265 245 Wi 262 303 373 
Total Attendance.,| 28,553 | 31,299 | 34,614 | 25,837 | 30,741 | 37,823 | 54,378 

BRANCHES 

Number of Bran- 

CheS:. nominal 54 59 59 61 62 65 67 
Number of Branch 

meetings held... 360 368 268 156 360 443 439 


Attendance....... 15,166 | 16,107 | 10,683 | 6,441 | 16,827 |! 21,629 | 25,358 


S halarabine = The governing bodies of Columbia 
University have placed at the disposal of the Institute 
a scholarship in Electrical Engineering beginning with 
the academic year 1922-23 and continuing until further 
notice. The scholarship pays $350 toward the annual 
tuition, and reappointment for completion of course 
is conditioned upon maintenance of good standing. 
An Institute committee will consider the candidates 
and make a recommendation to the Board of Directors 
regarding the award. 


Standards Committee.—The Standards Com- 
mittee has .held five regular meetings during the 
year for the transaction of its business.’ 

The Committee has adopted, subject to confirmation 
at the May meeting, modifications and additions to 
various parts of the Rules, including a new chapter on 
rules for storage batteries adopted provisionally last 
year. The Committee has also initiated work on rules 


_for electric welding apparatus, which work is now well 


under way. 

The Committee has prepared an unusually complete 
report on screw lamp-caps and lamp-holders, presenting 
a complete historical picture beginning with the original 
designs and extending through the development to the 
American standard screw-shell base over a period of 
years. 

A report has been completed comparing the rating of 


motors using Class A insulation in accordance with the 
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various rules which have been suggested in the United 
States and in England. This comparison shows some 
important differences, but in view of the fact that the 
- rules for open-type motors employing Class A insulation 
are still in the hands of the Sectional Committee on 
Rating, the Standards Committee has refrained from 
taking any definite action during the present year. 

The Committee has arranged for the appointment 
of an Institute representative on the Sectional Com- 
mittee on Safety Code for Aircraft and nominated 
members for the Sectional Committee on Electrical 
Installations on Shipboard. 

A large number of communications covering all 
branches of its work has been received and acted upon. 


Considerable attention has been given to the best 
method of organizing the standardizing work of the 
Institute, with particular reference to the Standards 
Committee, the Technical Committees, the various 
Sectional Committees appointed under the rules of the 
American Engineering Standards Committee, and the 
United States National Committee of the International 
Electrotechnical Commission. The Committee ex- 
pects to submit to the Board for approval at its May 
meeting, a comprehensive plan which will tie these 
various committees more closely together. 


American Engineering Standards Committee.— 

The following statistical summary of the work of the 
American Engineering Standards Committee is taken 
from the report of the committee for 1921. 


Miernper-bodiesads . S544 wera ageuds Mas 20 
Organizations represented................. 28 
Representatives on main committee........ 52 
mpproved gtandarde <i < ves cizesh terre nctee ac LE 
Beandarde-up stor approval oe vidi wat sectors’ oes 17 
Projects having official status. . ett” IS 
Projects for which sponsorship Has been ac- 
LTE RE EE aT AS ne eet Rt ee 51 
Organizations acting as sponsors............ 48 
Cooperating bodies. . 160 
Individuals on sectional, committees een here © 548 


The committee is receiving government cooperation 
through the active participation of numerous branches 
of the Federal Government in the work of the commit- 
tee. ‘The committee has a large number of specific 
projects on hand which are being handled by sectional 
committees in the regular way. International coopera- 
tion is assured through the committees being in touch 
with the national standardizing bodies of Austria, 
Belgium, Canada, Czecho-Slovakia, France, Germany, 
Great Britain, Holland, Italy, Japan, Norway, Sweden 
and Switzerland. Three new member bodies were 
added during the year. Additional financial help over 
that derived from dues from the member bodies was 
received from companies interested in standardization 
and through special contributions to the extent ot 
$7425. 

, The Department of Commerce at Washington has 
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arranged to promulgate standards to be known as 
Standards of Simplified Practise. At the request of 
the Secretary of Commerce, the A. E. S. C. has desig- 
nated Mr. A. A. Stevenson, the retiring chairman of 
the committee, as a special representative to work 
with the Department in the cooperation between the 
Department’s Division of Simplified Practise and the 
standardization work of the A. E. S. C.and a represen- 
tative of the Department has been designated to act 
on the A. E.8.C. This arrangement is considered one 
of the important steps taken by the A. E. S..C. during 
the last year, providing, as it does, definite cooperation 
and coordination of the work of the Department of 
Commerce with that of the committee. 

Mr. Albert W. Whitney was elected chairman of 
the committee for the year 1922. 


U. S. National Committee of the I. E. C.—This 
Committee has held only one general meeting (October 
14th, 1921), but the Executive Council of the Commit- 
tee has held several meetings from time to time. 
By letter-ballot of the membership of the Committee 
an amendment in the Statutes of the Committee, the 
purpose of which was to provide for ex-officio represen- 
tation, in the Committee, of the War Department, 
the Navy Department, the Bureau of Foreign and 
Domestic Commerce, ‘‘and any other Department of 
the United States Government interested in the objects 
of the I. E. C.”’ was adopted. The Departments ac- 
cepted the invitation, and the representatives desig- 
nated were: for the War Department, Major General 
G. O. Squier, Chief Signal Officer of the U. S. Army, 
and, for the Navy Department, Commander C. S. 
McDowell, U. S. N. The Bureau of Foreign and 
Domestic Commerce will also be invited to accept 
ex-officio membership in the Committee. 


The work on proposals to the Commission, suspended 
last year in order to wait for the report of the A. E. 8. C. 
Sectional Committee on Rating of Electrical Machinery 
(of which the A. I. E. E. is the sponsor-body), has had 
to remain in abeyance, because the work of the Sec- 
tional Committee has not yet been completed. 

The Committee was represented by. two delegates 
at an unofficial conference of delegates of various 
national committees of the Commission in Paris last 
November, to consider the difficulties of various kinds 
which have arisen in regard to the adoption of I. E. C. 
Recommendations. and Rules, in certain countries, 
since the Brussels meeting of the Advisory Committee 
on Rating in 1919, and which have forced the Com- 
mission to postpone its meetings several times. 

The Committee cooperated with the Organization 
Committee of the International Conference on Elec- 
trical Super-Power Systems, which was held in Paris 
in the week-of November 21-26. Several important. 
papers were presented by prominent American elec- 
trical engineers. The Committee was represented, 
informally, at the conference, by Dr. A. E. Kennelly, 
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Mr. F. D. Newbury, and Dr. C. O. Mailloux, who was 
made Honorary President of the Conference. 


National Committee of the International 
Commission on I[llumination.—The work of the 
U. S. National Committee of the International 
Commission on Illumination, during the past year, 
largely centered about the meeting of the Inter- 
national Commission, which was _ held 
July 4-8, 1921. The U.S. National Committee secured 
and transmitted for use at that meeting, reports on the 
following subjects: Lighting Legislation; Automobile 
Head Lighting; Nomenclature and Standards of 
Photometry and Illumination; Relative Visibility 
Function and the Mechanical Equivalent of Light; 
Heterochromatic Photometry; Use of Light Filters in 
Heterochromatic Photometry. 

The Commission concerned itself chiefly with funda- 
mental definitions, and adopted definitions of “lumin- 
ous flux,” “illumination”, and “luminous intensity”, 
which are in accordance with those currently used in 
this country, and appearing among the A. I. E. E. 
standards. Furthermore, the Commission recognized 
the fundamental candle-power unit, which is maintained 
by the National Laboratories of Great Britain, France 
and the United States, as the “International Candle.”’ 
The Commission also appointed subcommittees on 
“‘Heterochromatic Photometry,” on ‘Definitions and 
Symbols,” on “Lighting in Factories and Schools,” 
and on “Automobile Head Lights.” 

It is proposed that the next meeting of the Commis- 
sion shall be held, (assuming that conditions are tavor- 
able), in this country, in 1924. Dr. E. P. Hyde of 
the U. S. National Committee was elected President 
of the International Commission. 

At the meeting of the U. S. National Committee, 
held in November, 1921, C. H. Sharp was elected 
Chairman of the U. S. National Committee, and 
Howard Lyon was elected its Secretary. 


Code of Principles of Professional Conduct.— 
Two cases of alleged breaches of our code by mem- 
bers of the Institute have been presented to the com- 
mittee during the past year. In one of these cases, 
involving the presentation of false information, the 
committee found the charge warranted and recom- 
mended that the member’s resignation, presented in 
the interim, be accepted by the Board. In the other 
case, involving the unauthorized use of the name of 
the Institute for advertising purposes in a printed 
document, the committee recommended severe censure 
and the withdrawal of the document in question. 

Both of these recommendations were accepted and 
acted upon by the Board. 

At its meeting on February 16, the committee recom- 
mended the policy of publishing the findings of the 
committee in the Institute JOURNAL, each case to be 
presented as an example of the interpretation of the 


code, and without names. After referring this matter 


ip. Parig; . 
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to the legal counsel of the Institute; the reeommenda- 
tion was approved by the Board, and a brief statement 
of the cases above mentioned was prepared and 
published. 

During the past two years, a committee of the 
American Society of Mechanical Engineers, cooperating 
with representatives of the other societies, has been 
preparing a joint code of ethics. After careful con- 
sideration of this code, your committee has recom- 
mended that the Institute adhere to its present code, 
rather than adopt the proposed joint code. It is the 
opinion of the committee that the existing code of the 
Institute is more complete and explicit than the pro- 
posed joint code, and more unquestionable in its inter- 
pretation. This recommendation was also approved 
by the Board of Directors. 


Committee on Safety Codes.—The Committee 
has cooperated with the Electrical Committee of the 
National Fire Protection Assoc. by having representa- 
tives on its subcommittee on Industrial Applications, 
and by the suggestion of certain ways in which the 
work of that Association can be more closely related to 
that of the A. I. E. E. The Institute is also represented 
by a member of this Committee in the Electrical Safety 
Conference Section Committee on Safety Code for 
Electric Power Control. 


American Committee on Electrolysis.—The 
Institute’s representatives on the American Committee 
on Electrolysis have attended all meetings of the Com- 
mittee held during the year 1921, the last one of which 
occurred on May 3,1921. The great interest taken in 
the work was evidenced by the fact that all of the 
organizations constituting the committee were repre- 
sented, there being present 24 out of the 27 representa- 
tives. 

At this meeting the reports of the various sub- 
committees were thoroughly discussed and unanimously 
adopted. These reports were then referred to an 
editing committee and, together with an introduction 


-by the Chairman, published about October 21, 1921, 


as the Second Report of the Committee. They are 
being distributed through the A. I. E. E. in the same 
manner that the First Report was handled. 


While the main committee has been inactive since the 
May 38, 1921 meeting, the work of the Research sub- 
committee is going actively forward. 


Board of Examiners.—The Board of Examiners 
during the year held eleven meetings, averaging about 
three hours each. It considered and referred to the 
Board of Directors a total of 3420 applications for 
admission or transfer to the higher grades. This is 
a decrease of about 21% from the record figures of last 
year and is undoubtedly accounted for by the industrial 
depression from which the country suffered during the 
year. 


During the early part of the year a code of practise 
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was drawn up by the Board giving the consensus of 
opinion on the various types of doubtful cases which 
arise. This code was adopted by the Examiners as a 
guide for future decisions. 


APPLICATIONS FOR ADMISSION 


Recommended for grade of Associate...... 1662 
INOmmeCOMIMEended uke, Joe hes nels es bak 4 1666 
Recommended for grade of Member....... 111 
Not recommended for admission to this 

in coh (ee WA CPLR Ns Romane AEE eT ae oS Oe 46 157 
Recommended for grade of Fellow.......... 1 
Not recommended for admission to this 

Ee aan FUL SETI, a SO TY 5 6 
Recommended for enrolment as Students... 1390 
Not recommended for enrolment........... i391 

APPLICATIONS FOR TRANSFER 

Recommended for grade of Member........ 181 


Not recommended for transfer to this grade 38 169 
Recommended for grade of Fellow......... 21 

Not recommended for transfer to this grade 10 31 
Total number of applications considered. . . . 3420 
Applications reconsidered................. 4 


3424 


Membership.—The results of the Membership 
Committee’s efforts this year should be considered 
excellent in view of the period of industrial depression 
through what the country has been passing. The 
larger Sections of the Institute located in manufacturing 
centers felt the effect of business curtailment most 
sharply, twelve of the smaller Sections on the other 
hand exceeded last year’s figures. 

The total applications received were 1748 as com- 
pared with 2442 last year and 1596 the year before. 
The accompanying table shows the changes in mem- 
bership in detail. 


Honor- 
ary Asso- 
Member | Fellow |Member | ciate Total 
Membership, April 30, 1921.. 6 541 1,903 | 10,765 | 13,215 
Additions: 
‘Eranstertednjaecc.. ete ak 23° 146 
New Member Qualified.... 1 1 114 1,646 
Reinstateda ass crisjeisueans 2 9 39 
Deductions: 
Died A «. Fase, +-dasiegs suman 1 5 11 45 
esioned « s «.ijedys fects oyehae 3 20 187 
rIiransferreds\ sua 20 aa sees 14 155 
Dropped. jaispes <to.ta 2 1 30 461 
Membership, April 30, 1922.. 6 558 2,097 | 11,602 | 14,263 


Net increase in Membership during the year... ........ 0.2 eee e ee eees 1048 
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Deaths.—The following deaths have occurred during 
the year. 

Honorary Member: E. A. Budde. 

Fellows: Wilson L. Campbell, Warren. H. Fiske, 
R. T. E. Lozier, L. S. Randolph, Edward B. Rosa. 

Members: . Francis B. Crocker, Charles R. Cross, 
Leo Daft, W. F. Doherty, Roland S. Feud, Alexander M. 
Gray, George G. Grower, Peter C. Hewitt, Llewelyn 
Owen, Richard Pfund, James A. Walton. 

Associates: Joel E. Anderson, Walter E. Aymonds, 
Milton P. Baker, William E. Baker, James H. Becker, 
Rayner M. Bedell, Joseph E. Biggs, Winthrop G. 
Bushnell, Dean B. Cobb, Harry L. Darrah, S. I. 
Felder, Wm. Lee Fitzpatrick, Clark W. Francy, Alonzo 
Gartley, Frank T. Gash, C. M. Gear, Carl F. Grimm, 
Henry Harvie, Perey C. Henry, Earl S. James, 
A. Pinto Joseph, Shuso Kawado, Edwin W. Kelly, 
Frederick A. Keyes, Joseph F. Krause, Walter A. 
Leason, W. W. Lighthipe, Myron Manwaring, Robert 
McKay, Ferdinand C. Miller, Edward S. Morrell, 
Fred C. Muench, Charles A. Rohr, Earl E. Sayre, 
Leon H. Scherek, Albert C. Schweizer, Harry M. 
Steven, Albert Taylor, Willis H. Trenner, Alfred R. 
Van Horn, Arthur S. Wheeler, B. D. Wilber, J. F. 
Wilson, Noble A. Wolfe, Roy C. Zoll. 

Total deaths, 62. 


Employment Service.—The employment service 
which has been maintained for many years at Institute 
headquarters and which during the latter part of 1918 
was coordinated with the similar service of the other 
Founder Societies, was transferred to the auspices of 
the newly organized American Engineering Council 
on January 1, 1921 upon the recommendation of the 
secretaries, and the Joint Finance Committee, of the 
four Founder Societies. 

In addition to a direct service, the Bureau prepares 
an engineering service bulletin which is published each 
month in the Institute JOURNAL and it has served to 
place many members in positions of responsibility, 
both in this country and abroad. The bulletin is 
subdivided into two parts: one containing announce- 
ments of vacancies; and the other containing lists of 
men available, with condensed records of their experi- 
ence. -All announcements are published without charge 
either to the employers or to the members of the 
Institute seeking positions. 

With a view to increasing the scope and value of the 
Bureau a volunteer committee, composed of engineers 
registered with the bureau, was organized early in the 
summer of 1921 and has been at work almost con- 
tinuously since that date systematically canvasing 
employers of engineers in and around New York, largely 
through the medium of personal calls, calling atten- 
tion of these employers to the facilities offered by the 
bureau. This work has been productive of very 
satisfactory results and is also being undertaken in other 
cities. 
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Federated American Engineering Societies.— 
During the past year meetings of the Executive Board 
of American Engineering Council have been held as 
follows: April 16, 1921, Philadelphia; September 30, 
1921, Washington; January 4 and 6, 1922, Wash- 
ington; March 10, 1922, Chicago. In addition. to 
this the first annual meeting of American Engineering 
Council was held January 5-6 at Washington. 

The headquarters of the organization were early ‘in 
1921 transferred from New York to Washington and 
it is believed that one result of the first year’s activities, 
as shown there, is a distinct field of usefulness for the 
organization; that distinct progress in securing the 
support and earning the confidence of the engineers of 
the country has been made, and the prestige of the 
profession—both in Government and in industrial 
circles—has been enhanced. It would seem that the 
Institute pursued a wise course in participating in the 
creation ‘of this organization and of giving it whole 
hearted support. 

Detailed ‘accounts of the setivities ws American 
Engineering Council and of its Committees have been 


published throughout the year in the JOURNAL and will 


not be recapitulated here. 

At the annual review of membership, the Institute 
became entitled to two additional members on American 
Engineering Council and. to an additional member on 
the Executive Board. President McClellan, Past- 
Presidents Scott, Stillwell and Townley retain their 
seats on. the Executive Board, the additional members 
being Messrs. Finney and Morehouse. In the Com- 
mittee appointments, Professor Charles F. Scott has 
become Chairman of the Committee on Constitution 
and By-Laws, Mr. L. B. Stillwell, remains on the 
Committee on Public Affairs and Mr. Calvert Townley 
on the Committee on Finance. 


United Engineering Society.—This Society per- 
forms for the national societies of Civil, Mining, Me- 
chanical and Electrical Engineers, certain specific acts 
which are governed by contracts; the primary function 
of the United Society being to hold in trust and to 
administer for these societies the Engineering Societies 
Building, in which the headquarters of the National 
societies are located. , 

Extracts from the annual financial report of the 
United Engineering Society were published in the 
March 1922 JOURNAL. 


Engineering Societies Library.—The library of 
the Institute is combined with the libraries of the 
national societies of Civil, Mining and Mechanical 
Engineers, administered as the ‘Engineering Societies 
Library” under the direction of the Library Board of 
the United Engineering Society; this board is com- 
posed of representatives of each of the four societies 
referred to above. 

In order to place the facilities of the Hbrary at the 
disposal of persons residing at a distance from New 


REPORT OF THE BOARD OF DIRECTORS 


York, a Library Service Bureau has been established, 
and a staff of expert searchers and translators is 
employed to cover almost any engineering topic, in 
the following manner: abstracting, translating, bib- 
liographing, statistical searches and reports, searches 
for patent purposes, copying, preparing reference cards, 
ete. 

An abstract of the annual report of the Engineering 
Societies Library covering the calendar year 1921 was 
published in the March 1922 JOURNAL. 


Engineering Foundation.—Engineering Founda- 
tion is a trust fund established in 1914 by Ambrose 
Swasey, of Cleveland, Ohio, by gifts to United Engi- 
neering Society as a nucleus of a large endowment 
“for the furtherance of research in science and in 
engineering, or for the advancement in any other 
manner of the profession of engineering and the good 
of mankind.” It is administered by the Engineering 
Foundation Board upon which the Institute and 
other national engineering societies are represented. 
The Board is a Department of United Engineering 
Society. 

An abstract of the annual report of the Engineering 
Foundation for the seventh year, was published in 
the March 1922 JOURNAL. 


Representatives.—The Institute has continued 
its representation upon various national committees 
and other local and national bodies with which it has 
been affiliated in past years, and has appointed repre- 
sentatives upon a number of new Sectional Committees 
of American Engineering Standards Committee. A 
complete list of representatives is published frequently 
in the JOURNAL. 


Edison Meda!.—The Edison Medal for 1921 which 
was awarded to Cummings C. Chesney “For Early 
Developments in Alternating-Current Transmission” 
was presented to Mr. Chesney with appropriate cere- 
monies at an evening session of the Midwinter Conven- 
tion, February 16, 1922. 


John Fritz Medal.—The John Fritz Medal Board 
of Award, which is composed of representatives of the 
national societies of Civil, Mining, Mechanical and 
Electrical Engineers, awarded the 1922 medal to 
Charles Eugene Schneider “for achievement in metal- 
lurgy of iron and steel; for development of ordnance, 
especially the 75 mm. gun, and for notable patriotic 
contribution to the winning of the war.’ 


Visit of American Engineers to England and 
France.—A delegation of American engineers repre- 
senting the four societies of Civil, Mining, Mechanical 
and Electrical Engineers visited England and France 
during the summer of 1921. The purpose of this 
visit was the presentation of the John Fritz Medal to 
Sir Robert Hadfield in London and Charles Eugene 
Schneider in Paris. The Institute was represented by 
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Dr. F. B. Jewett, Dr. A. E. Kennelly and Major 
General George O. Squier. The reception of the 
American delegation in both London and Paris was the 
occasion in both instances for the gathering of an 
unprecedented number of distinguished engineers and 
the keynote of most of the speeches was the inter- 
national character of engineering, and the importance 
of developing intimate relations between the members 
of the professions of the different countries, leading to 
a better understanding between the nations. 


Honorary Membership.— Marshal Foch was made 
an honorary member of the four national societies of 


ATLANTA 
BALTIMORE 
BOSTON 
BUFFALO 
CHICAGO 
CINCINNATI 
CLEVELAND 
DALLAS 
DENVER 
BETROIT 
KANSAS CITY 
LOS ANGELES 
MINNEAPOLIS 
NEWARK 

NEW ORLEANS 


May 15,1922. 


American Institute of Electrical Engineers, 
33 West 39th Street, 
New York. 
Dear Sirs: 


Pursuant to engagement, we have audited your books 
and accounts for the year ended April 30, 1922, and 
submit herewith our certificate and the following de- 
scribed exhibits: 


Exhibit ‘‘A’’—General Balance Sheet, April 30, 1922. 


Exhibit ‘““B’—Summary of’ Income and Profit & 
Loss for the Year ended April 30, 1922. 


Yours truly, 
HASkKINS & SELLS 


HASKINS & SELLS 


CERTIFIED PUBLIC ACCOUNTANTS 
37 WEST 39TH STREET 
NEW YORK 
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Civil, Mining and Metallurgical, Mechanical and 
Electrical Engineers with impressive ceremonies on the 
afternoon of December 13, 1921 at the Engineering 
Societies Building, New York. 


Finance Committee.—During the year the com- 
mittee has held monthly meetings, has passed upon the 
expenditures of the Institute for various purposes, 
and otherwise performed the duties prescribed for it in 
the Constitution and By-laws. 


Haskins and Sells, certified public accountants, have 
audited the books, and their report follows: 


NEW YORK 
PHILADELPHIA 
PITTSBURGH 
PORTLAND 
SAINT LOUIS 
SALT LAKE CITY 
SAN FRANCISCO 
SEATTLE 

TULSA 
WATERTOWN 
HAVANA 
LONDON 

PARIS 
SHANGHAI 


AMERICAN INSTITUTE OF ELECTRICAL 
ENGINEERS 


CERTIFICATE OF AUDIT 


We have audited the books and accounts of the 
American Institute of Electrical Engineers for the year 
ended April 30, 1922, and 

WE HEREBY CERTIFY that the accompanying General 
Balance Sheet properly exhibits the financial condition 
of the Institute at April 30, 1922, that the Summary of 
Income and Profit & Loss for the year ended that date 
is correct, and that the books of the Institute are in 
agreement therewith. 


HASKINS & SELLS 


NEw YORK, 
May 15, 1922. 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 


EXHIBIT A. 


ASSETS 


REAL ESTATE: 

One-Fourth Interest in United Engineering 
Society’s Land, Building and Building Equip- 
ment, 25 to 33 West 39th Street, (Depreciation 
carried on Books of United Engineering Society) . 


EQUIPMENT: 
Library—Volumes and Fixtures................. 
Wotks of Art. Painted: ete. as ee eee ad 
Office Furniture and Fixtures........ $14,558.20 
9,788.28 


WorkKING ASSETS: 


SP ra GVIONG, BBCi cis 1s. tat eave ot ater erent ait eatne Via $6,730. 
Bild 
.84 


Paper, and (Cover Paper. oc. tar,syiaeyaietres?s. ete a eis 
Paper tor Voltime: 40 aicuians + rate aise hn store Gitte 


Accounts Receivable: 


Moenibers—Fopr ‘Dues, ove a cre ass rere ce one Se tery, 6 13,784. 24 
Ad vethisersy coe ode ke tees pis eek 2,765. 


Miscellaneous 5p jois ics pista leiciers"ateyateite chase gavetsaeseaene 
Accrued Interest on Investments................ 
Accrued Interest on Bank Balances.............. 


Tatal ‘Citroen’ ASsSets!... vesnit Sates chk site 
FuNpDs: 
Reserve Capital Fund: 

City of Wilmington, Delaware, 
41%4% Bonds, 1934, par Value 
$15;000.00)....:5 . a = mei 

United States Third Liberty Loan 
4K%% Bonds, par Value, 
$10:000 /00. 248 tet. Py te Stee 


$15,625.63 


10,000.00 


Life Membership Fund: 
$1,438.67 
Chicago, Burlington & Quincy Rail- 
road Company 4% Bonds, 1958, 
par value, $5,000.00............ 
Acertied!: Tntefestict. sce cs tera ois 


4,868.75 


33.33 6,340 


International Electrical Congress of 
St. Louis—Library fund: 

$275.95 

New York City 4%4% Bonds, 1957, 
par value $2,000.00............ 

New York Telephone Company 
4%% Bond, 1939, par value 
SE000) G0 Fon aes cele. Bice ee 

WMceried (Interest. scis~iccasies ses 


2,223.19 


878.75 
67.50 


Mailloux Fund: 
$90.00 


New York Telephone Company 
41%4% Bond, 1939, par value 


Pre a 


$40,374. 
3,001. 


4,769. 


$25,625. 


3,445. 


1,112. 
242. 


63 


.75 


39 


50 
87 


$489,785.17 


48,145.70 


11,382.99 


18,506. 54 


36,767.14 
$604,587.54 


GENERAL BALANCE SHEET, APRIL 30, 1922 


LIABILITIES 
CURRENT LIABILITIES: 
Accounts Payable—Subject to Approval by the 
Finance Committee, «1 aes ee eee 
Due to United Engineering Society on Account of 
Building Addition, Including Accrued Interest... . 
Dues Received sn-Advance...). soe eee ee 
Entrance Fees and Dues Advanced by Applicants for 
Membership sii: )...pre ote aki asc ater ee 
Subscriptions for ‘‘Transactions’’ Received in 
AGVATICE, \,..% eran cae oe ea CEE ne EEE 


Total Current: Liabilities.< 25-6 1«- ee eae nee 


FuND RESERVES: 


International Electrical Congress of St. Louis— 
Library Fundjan: sea eee eee 
Maitlloux Bund... .p: caeciaeacc cots teks eee ae 


Total Fund. Reservess.<.-.s.a0u ures 
SURREWS? Per Exhibits Bi een ee en omen eee 


$11,395.41 


2,542.19 
2,754.91 


357.50 


3,026.00 


$25,625.63 
6,340.75 


$20,076.01 


36,767.14 
547,744.39 


$604,587.54 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
SUMMARY OF INCOME AND PROFIT & Loss 
FOR THE YEAR ENDED APRIL 30, 1922. 


Exursit B. 


INCOME: 

tra RGe feG8o tse held oes sohiriela elect 6 Seas mote ates Hm Shar $9,719.25 
PCS oicis.ds S eRe ESikpw ab soe s elewis as ties Dares *152,590.11 
SUSE! BEE, Ce eens Bie ee ee ene oe 10,127.00 
SP PAMH OR IE ECS en Ars, Sees 2s BAS oasis WE e © 1,732.50 
TAG he o> So eee ee ee ae eee 54,820.60 
Subscriptions........ ho ET ee EE Oe Ene 4,907.74 
Balesoh sb rAnSAChONS,.- CEC. ccs = 55 satan 5 10,199.67 
Badves Dold has ota cae es -!ss $5,172.75 

Ress Gast ier oer ae so tae = 4,774.30 398.45 
Interest on Securities in Reserve Capital Fund.... 1,100.00 
interest Gu Bank Balarices. . 2.2... s2s0sbsecace 842.65 
Interest on Notes Receivable................... 32.90 

Piney rkl Be PS Ney one rate ols.a cos seg mathe eee $246,470.87 
EXPENSES: 

Publications: 

foundaly ease. coe. = dnacicmcew s5 $77,288.92 

PeCASAGLIONS te Ne See ise. won cic 28,830.77 

WEGAT SOO Kee oeicthayge lesa Paes Sess 5,026.78 $111,146.47 
PME aS she Re tee Sic cane a a rete ave miage e Wace ere lars 7,903.32 
Administrative Expenses. .......5.<2..62..-005 42,974.76 
DECMUNE WOME MEDECUE oon celts ss Os scree ou Sue 24,596.76 
Membersinp Commitlee: co)... Joes <r-ie« wiestwte ays « 6,611.21 
Mtandands Gommithee: < e - cisio-c oe sees es 35 wie ors 103.36 
WamauCe COTE e Silas ao sini ve se Smiss,s 150.00 
RC aTIRILCEES es, cn sic on. dirl > clos clare O eiaitie = tapes 60.00 
International Electrotechnical Commission...... 872.42 
International Illumination Commission.......... 300.00 
Interest on United Engineering Society Building 

POE EN conti 5, < [clas a:mnis a's cl ete eles =e 182.79 
President's Special Appropriation.............-- 588.96 
BIGAGTATY DO CETCUARY slo ctcike ain oes 0 oe ate a Ba 4,000.00 
American Engineering Standards Committee... .. 1,600.10 
Wen Prbz ifedal Awarde. . 25.0 Ss a enpis See eee 57 14 
Engineering Societies Library: 

MM aiBiPNaNCE St kis cescs sew eae $5,500.00 

Ptecabalo gine 2.52% 45 clo bless s<e 5's 2,500.00 8,000.00 
United Engineering Society Assessment......... 4,860.00 
Federated American Engineering Societies........ 17,927.50 

RSGr eS Tae ano oie Wis croak GE Sas aoe Siow $231,934.79 $246,470.87 


*Includes $66,075.00 representing the Institute’s estimate of members’ dues 
applicable to subscriptions for the JOURNAL. 


TotaLt INcomME—(Forward) 
UX PRNSES —(HOLWAkU) ce hs coe oc a vieree 4 dose 
Interest on Loans Payable 


Shy, GO: SER Gee pe aa $246,470.87 
$231,934.79 
* 20.00 


231,954.79 
RI NCERENGCOBES 3 Satna, Forts A Aas Sate ies SE nk © 35 $14,516.08 
ProFiT & Loss CREDITs: 
Adjustment of Institute’s One-Fourth Interest in 
United Engineering Society’s Real Estate...... 
Adjustment of Inventory of Furniture and Fix- 
ec efecee: Wri eihe eM ht PE ae ee tee ee ee 420.98 
Adjustment of Inventory of Library Volumes 
aad Pictures, Aprif ao; I922. os .o2. oa os pee cne 169.44 


$2,992.38 


3,582.80 


Gross SURPLUS FOR THE YEAR 


Prorit & Loss CHARGES: 
Uncollectible Dues Written Off................. 
Adjustment of Inventory of Transactions, etc., 
PTE NOOR cried. 3 ae Rt ane e ERE mat te 
Provision for Depreciation of Furniture and 
UN PGS EPS ee Me SCG ae oes. ae oe ee eee 424.81 


$18,098.88 


$4,317.47 


6,176.00 


10,918.28 
$7,180.60 
SURPLUS, WEA Sw LOZ Ma aero Ore ree nore et tonsre 
Less Transferred to Capital Fund Reserve in 
Accordance with Resolution of Board of 

TD SSeS 72) ap Ee oe Sr SINE toe ease, ae 


$566,241.56 


25,677.77 540,563.79 


$547,744.39 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 


STATEMENT OF CASH RECEIPTS AND DISBURSEMENTS FOR 
DESIGNATED PURPOSES, FOR THE YEAR ENDED APRIL 30, 1922. 


Exuisit C. 

RECEIPTS: 
pEPTRenL a teregs Ser rcliv el fees 1s IM > Ai gee PR atte RR are” eer se $261.26 
International Electrical Congress of St. Louis Library Fund— 

Petersst and Reyalties: 64.4 ctok ea eo en eee ey 139.40 
Mailloux Fund—Interest......... NA ate Ae ot oe aie Se a 45.00 
Midwinter Convention Fund—lInterest..............-.+.-.---- 13.00 

Rotal AS 228). Se on Se ko ee Oe a eee $458.66 

DISBURSEMENTS: 
Eafe Membership: Marg) 5 sao 8s 32 \S0.5 6 siete, see Sr $261.86 
International Electrical Congress of St. Louis Library Fund..... 281.01 
MM aitlorixe Pitsild oo Ms i rs oh ee ae eases oe ne Meee een 186.60 
Midwinter Convention und) oc5.o.6 otal eee ssw ce sisiile ine ot 232.39 
PROG es ae eed ioe eke hei cinta ands le wee ee eins $961.86 


RECEIPTS AND DISBURSEMENTS PER MEMBER. 


During each fiscal year for the past seven years. 


Yearending April30... 1916 1917 1918 1919 1920 1921 1922 
Membership, April 30, 
eachyears. 52 Sic sae 8212 8710 9282 10252 11345 13215 14263 


Receipts per Member.. $13.62 $13.30 $13.17 $13.18 $15.01 $17.87 $17.26 


Disbursements per 

Membetix . nd on%e ss 13.74 12.75 11.99 12.92 15.62 18.90 16.77 
Credit Balance per 

Membennn.c.- ase *$.12 $.55 $1.18 $.26 *$.61 *$1.03 $.49 
*Deficit. 


Respectfully submitted for the Board of Directors. 
F. L. HUTCHINSON, Secretary. 


New York, May 19, 1922. 
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OFFICERS AND COMMITTEES 


Officers of A. I. E. E. 1921-1922 


PRESIDENT. 
WILLIAM McCLELLAN 


JUNIOR PAST-PRESIDENTS 
CALVERT TOWNLEY A. W. BERRESFORD 


VICE-PRESIDENTS 


W. A. HALL N. W. STORER 

W. A. DEL MAR C. G, ADSIT 

J. C. PARKER F. W. SPRINGER 

H. W. EALES ROBERT SIBLEY 

0. B. COLDWELL F. R. EWART 
MANAGERS 

WALTER I. SLICHTER L. E. IMLAY 

G. FACCIOLI F. F. FOWLE 


FRANK D. NEWBURY 
HAROLD B. SMITH 


JAMES F. LINCOLN 
E. B. CRAFT 


L. F. MOREHOUSE 
R. B. WILLIAMSON 


A. G. PIERCE 
HARLAN A. PRATT 


TREASURER 
GEORGE A. HAMILTON 


SECRETARY 
F. L. HUTCHINSON 


GENERAL COUNSEL 
PARKER & AARON 


HONORARY SECRETARY 
RALPH W. POPE 


PAS T-PRESIDENTS—1884-1921 


*NorviIn GREEN, 1884-5-6. 
*FRANKLIN L. Pope, 1886-7. 

T. COMMERFORD MArtTIN, 1887-8. 
EpwarpD WESTON, 1888-9. 

ELrau THomson, 1889-90. 
*Wittiam A. ANTHONY, 1890-91. 
ALEXANDER GRAHAM BELL, 1891-2. 
FRANK JULIAN SPRAGUE, 1892-3. 
*EpwINn J. Houston, 1893-4-5. 
*Louis DuNCAN, 1895-6-7. 
*FRANCIS BACON CROCKER, 1897-8. 
A. E. KENNELLY, 1898-1900. 

Cart Herine, 1900-1. 

Cartes P. STEINMETz, 1901-2. 
Cartes F. Scott, 1902-3. 

Bron J. ARNOLD, 1903-4. 


Joun W. Lies, 1904-5. 
SCHUYLER SKAATS WHEELER, 1905-6. 
*SAMUEL SHELDON, 1906-7. 
*Henry G. Storr, 1907-8. 
Louis A. FErGuson, 1908-9. 
Lewis B. STILLWELL, 1909-10. 
DucGatp C. Jackson, 1910-11. 
Gano Dunn, 1911-12. 

RavtpH D. MErsuHON, 1912-13. 
C. O. MAILLoux, 1913-14. 
Paut M. Lincotn, 1914-15. 
Joun J. Carty, 1915-16. 

H. W. Buck, 1916-17. 

E. W. Rice, Jr. 1917-18. 
Comrort A. Apams, 1918-19. 
CALVERT TOWNLEY, 1919-20. 


A. W. BERRESFORD, 1920-21 
*Deceased 


LOCAL HONORARY SECRETARIES 


Charles le Maistre, 28 Victoria St., London, S. W. England. 

Guido Semenza, N. 10 Via S. Radegonda, Milan, Italy. 

Laurence Birks, Public Works Dept., Wellington, New Zealand. 

T. P. Strickland, 673 Bourke St., Melbourne, Australia. 

W..G. T. Goodman, Adelaide, South Australia. 

L. A. Herdt, McGill, Univ., Montreal, Que. 

A. S. Garfield, 45 Bd. Beausejour, Paris 16 E, France. 

Harry Parker Gibbs, Tata Engineering Co., Ltd., York Bldg., Fort Bombay, 
India. 

John W. Kirkland, Johannesburg, South Africa. 


A. I. E. E. Committees 


GENERAL STANDING COMMITTEES 


EXECUTIVE COMMITTEE 
William McClellan, Chairman, 
W. A. Del Mar, ‘George A. Hamilton, 
Walter A. Hall, L. F. Morehouse, 


W. I. Slichter, 
Calvert Townely. 


_ FINANCE COMMITTEE 
L. F. Morehouse, Chairman, , 


ry . API 
H. W. Eales, Harlan A. Pratt. 
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MEETINGS AND PAPERS COMMITTEE 
E. E. F. Creighton, Chairman, 
J. CG iaris, S. P. Grace, 
L. W. W. Morrow, 
Chairman of Committee on Coordination of Institute Activities. 
Chairmen of Technical Committees. 
Chairmen of Sections. 


F. D. Newbury. 


PUBLICATION COMMITTEE 

A. S. McAllister, Chairman, 
E. E. F. Creighton,- F. L. Hutchinson, 
Donald MeNicol, 


COMMITTEE ON COORDINATION OF INSTITUTE ACTIVITIES 


W. I. Slichter, Chairman, 
E. E. F. Creighton, F. L. Hutchinson, 
A. S. McAllister, 


BOARD OF EXAMINERS 


L. F. Morehouse. 


L. F. Morehouse. 


H. H. Norris, Chairman, 
Philander Betts,: 

Wm. A. Del Mag, ? 
Erich Hausmann» 


Donald McNicol, 
J. H. Morecroft, 


N. L. Pollard, 
E. M. Sawtelle, 
H. $8. Wynkoop. 


SECTIONS COMMITTEE 


A. W. Berresford, Chairman, 

C. Francis Harding, Vice-Chairman, 
John B. Fisken, J. C. Parker, 
Chairmen of all Sections. 


J. Lloyd Wayne. 


COMMITTEE ON STUDENT BRANCHES 

C. Francis Harding, Chairman, 
A. C. Lanier, C. E. Magnusson, 
Charles F. Scott, 


Harold B. Smith. 


MEMBERSHIP COMMITTEE 


E. H. Martindale, Chairman, 
Vice-Chairmen: 


R. L. Dodd, F. L. Kemp, John Salberg, 
D. B. Fleming, J. E. MacDonald, M. E. Skinner, 
R. B. Howland, George H. Middlemiss, J. L. Woodress. 


W. N. Ryerson, 
Chairmen of local Section membership committees. 


HEADQUARTERS COMMITTEE 


W. A. Del Mar, Chairman, 
F. L. Hutchinson, L. F. Morehouse: 


LAW COMMITTEE 
H. H. Barnes, Jr., Chairman, 
Frank R. Ewart, P. Junkersfeld, 
L. F. Morehouse, 


Charles A. Terry. 


PUBLIC POLICY COMMITTEE 


H. W. Buck, Chairman, 
Gano Dunn, John W. Lieb, 


C. E. Skinner, 


Calvert Townley. 


COMMITTEE ON CODE OF PRINCIPLES OF PROFESSIONAL CONDUCT 


C. A. Adams, Chairman, 
A. H. Babcock, G. Faccioli, 


George F. Sever, 


Schuyler Skaats Wheeler, 


COMMITTEE ON SAFETY CODES 
H. B. Gear, Chairman, 


H. C. Cushing, M. G. Lloyd, Farley Osgood, 
J. C. Forsyth, Wills Maclachlan, H. R. Sargent, 
H. O. Lacount, R. W. E. Moore, A. M. Schoen, 
Johnston Livingston, H. N. Muller, H. S. Warren. 


STANDARDS COMMITTEE 


Harold Pender, Chairman, 
H. S. Osborne, Secretary, 


G. A. Anderegg, F. C. Hanker, L. F. Morehouse, 
Frederick Bedell, Percy E. Hart, F. D. Newbury, 
B. A. Behrend, H. M. Hobart, S. G. Rhodes, 

O. B. Blackwell, Dugald C. Jackson, Charles Robbins, 
L. F. Blume, P. Junkersfeld, L. T. Robinson, 
G. A. Burnham, G. L. Knight, R. F. Schuchardt, 
P. H. Chase, F. A. Laws, C. E. Skinner, 

E. J. Cheney, C. O. Mailloux, Arthur B. Smith, 
L. W. Chubb, C. S. McDowell, N. W. Storer, 

F. P. Cox, _W. L. Merrill, John B. Taylor, 

E. B. Craft, J. F. Meyer, A. H. Timmerman, 
W. A. Del Mar, Taliaferro Milton, Philip Torchio, 

F. M. Farmer, R. W. E. Moore, W. K. Vanderpoel, 


H. W. Fisher, *R. B. Williamson. 
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EDISON MEDAL COMMITTEE 
Appointed by the President for term of fize years. 


COMMITTEES AND 


Comfort A. Adams, Chairman, 


B.D. Adane, D. E Drake BY Gi Lekime: J. B. Bassett, Wm. Hetherington, Jr. I, H. Osborne, 
& é R. A. Beekman, H,. L. Hibbard, G. A. Pierce, Jr. 
H. H. Barnes, Jr. W. L. R. Emmet, L. T. Robinson, 7 
: Eskil Berg, J. S. Isdale, S. M. Robinson, 
Frederick Bedell, L. A. Ferguson, C. S. Ruffner, Sane 
: 2 Maxwell W. Day, William F. James, H. M. Southgate, 
B. A. Behrend, John H. Finney, S. W. Stratton. : a W-E. Th 
H. M. Byllesby Calvert Townley evist Se ecee We FOR Ee stad 
ots 3 E. G. Gallagher, C. S. McDowell, E. P. Townsend, 
Elected by the Board of Directors from its own membership for term of twe years H. Franklin Harvey, Jr. W. E. Meschenmoser, A. E. Waller, 
A. W. Berresford, F. D. Newbury, W. I. Slichter, F. W. Wood. 
L. E. Imlay, L. F. Morehouse, R. B. Williamson. MINES 
Ex-Officio Graham Bright, Chairman, © 
Wm. McClellan, President, George A. Hamilton, Treasurer, Willard > eons gist, ba Stas 
Te Ln Pacchinepaceentne: R. T. Andrae, G. M. Kennedy, F. L. Stone, 
- . M. C. Benedict, R. L. Kingsland, W. A. Thomas, 
RESEARCH COMMITTEE H. W. Eales, A. B. Kiser, C. D. Woodward. 
F. B. Jewett, Chairman, POWER STATIONS 
B. A. Behrend, Bancroit Gherardi, L. F. Morehouse, R. F. Schuchardt, Chairman, 
Frederick Bedell, D. C. Jackson, E. W. Rice, Jr. H. A. Barre, H. W. Eales, I. E. Moultrop, 
F. S. Clark, P. Junkersfeld, Clayton H. Sharp. J. T. Barron, FB. C. Hanker, F. D. Newbury, 
E. B. Craft, A. E. Kennelly, C. E. Skinner, A. E. Bauhan, P. Junkersfeld, A. B. Stitzer, 
E. E. F. Creighton, John B. Klumpp, Elmer A. Sperry, E. T. Brandon, W. H. Lawrence, H.R. Summerhayes, 
H. P. Davis, M. G. Lloyd, Schuyler Skaats Wheeler, D. H. Braymer, H. P. Liversidge, R. B. Williamson. 
W. A. Del Mar, John B. Whitehead. PROTECTIVE DEVICES 
H. R. Woodrow, Chairman, 
G. H. Bragg, E. M. Hewlett, A. G. Pierce, 
TECHNICAL COMMITTEES P. H. Chase, F, L. Hunt, N. L. Pollard, 
W. H. Cole, J. B. MacNeill, F. E. Ricketts, 
’ EBuceo uss: L. N. Crichton, John C. Martin, D. W. Roper, 
C. E. Magnusson, Chairman, F. C. Hanker, A. A. Meyer, E. R. Stauffacher, 
W. C. Bauer, Charles S. Howe, Ree Schuchardt, S. E. M. Henderson, W. H. Millan, E. C. Stone, 
Edward Bennett, John C. Parker, W. L. Upson, E. A. Hester, John B. Taylor. 
En Be Dacey, 2 a ati M Sor ReaD i TELEGRAPHY AND TELEPHONY 


ELECTRICAL MACHINERY O. B. Blackwell, C. E. Davies, W. O. Pennell, 
B.A Behrend Chea: C. W. Burkett, F. E. d‘Humy, Stanley Rhoads, 
Coe = eee ren eS G. A. Cellar, D. H. Gage, Edgar Russell, 
A. S. McAllister, Secretary, : Bp 
ed : R. E. Chetwood, H. Hulatt, A. E. Silver, 
B. L. Barns, V. A. Fynn, A. S. McAllister, , 
3 L. W. Chubb, F. H. Kroger, A. B. Smith, 
R. E. Brown, David Hall, F. D. Newbury, E. H. Colpitt 1 RY Wesetouse F. A. Wolff 
James Burke, H. U. Hart, Philip Torchio, Sas Se week ae ; 
G. Faccioli, V. Karapetoff, Herman L. Wallau, 3 TRACTION AND TRANSPORTATION 
W. J. Foster, Paul Lincoln, R. B. Williamson. H. M. Brinckerhoff, Chairman, 
: A. H. Babcock, E. B. Katte, N. W. Storer, 
ELECTROCHEMISTRY AND ELECTROMETALLURGY Reinier Beeuwkes, John Murphy, R. W. Stovel, 
Lawrence Addicks, Chairman, R. H. Dalgleish, Hugh Pattison, H. M. Warren, 
F. G. Clark, Carl Hering, W. H. Powell, W. G. Gordon, W. B. Potter, F. E. Wynne, 
I. R. Edmands, L. E. Imlay, J. A. Seede, Selby Haar, Ralph H. Rice, C. W. Young. 
James J. Farley, F. A. Lidbury, J. L. Yardley. Guy A. Richardson, 
TRANSMISSION AND DISTRIBUTION 
ELECTROPHYSICS Edward B. Meyer, Chairman, 
F. W. Peek, Jr., Chairman, R. W. Atkinson, John H. Finney, C. N. Rakestraw, 
H. D. Arnold, Ho'Cr Clark, E. P. Hyde, F. G. Baum, L. M. Klauber, C. C. Robinson, 
E. F. Burton, C. P. Eldred, Chester W. Rice, Wallace S. Clark, J. A. Koontz, Jr., D. W. Roper, 
L. W. Chubb, Charles Fortescue, H. B. Smith. W. H. Cole, W. S. Lee, C. H. Shaw, 
Roy S. Glasgow, W. A. Del Mar, G. J. Newton, A. E. Silver, 
H. C. DonCarlos, A. M. Perry, W. K. Vanderpoel, 
INDUSTRIAL AND DOMESTIC POWER F. M. Farmer, C. T. Wilkinson. 
W. C. Yates, Chairman, 
P. H. Adams, Charles D. Fawcett, A. C. Lanier, A. I. E. E. Representatives 
H. W. Cope, C. T. Guildford, M. J. McHenry, ON AMERICAN ASSOCIATION FOR THE ADVANCEMENT 
W. E. Date, Henry D. James, A. G. Pierce, OF SCIENCE, COUNCIL 
E. D. Doyle, Fraser Jeffrey, H. P. Reed, F. B. Jewett, John B. Taylor. 
C. W. Drake, W. C. Kalb, Leo Schirtzinger, 
H. W. Eastwood, C. W. Kincaid, Carl F. Scott. ON AMERICAN BUREAU OF ELODIE 


INSTRUMENTS AND MEASUREMENTS 


F. V. Magalhaes, Chairman, 


REPRESENTATIVES 


MARINE 
Arthur Parker, Chairman, 
L. C. Brooks, Secretary, 


Donald McNicol, Chairman, 


W. L. Merrill. 


ON AMERICAN COMMITTEE ON ELECTROLYSIS 


Bion J. Arnold, N. A. Carle, 1 


N. Waterman. 


C. W. Baker, BP. P.Cox, G. A. Sawin, ON AMERICAN ENGINEERING COUNCIL OF THE 
P. A. Borden, E. D. Doyle, H. B. Smith, FEDERATED AMERICAN ENGINEERING SOCIETIES 
Wm. M. Bradshaw, A. L. Ellis, Irving B. Smith, Comfort A. Adams, W. A. Layman, Charles S. Ruffner, 
H. B. Brooks, H. S. Vasser. A. W. Berresford, *William McClellan, *Charles F. Scott, 


IRON AND STEEL INDUSTRY 


E. S. Jefferies, Chairman, 


*John H. Finney, *L. F. Morehouse, 
F. L. Hutchinson, L. T. Robinson, 
*Members of Executive Board. 


TL. 


Stillweli, 


Calvert Townley. 


FP. B. Crosby, R. B. Gerhardt, G. E, Stoltz, ON AMERICAN ENGINEERING STANDARDS COMMITTEE 
Gordon Fox, K, A. Pauly, Wilfred Sykes, H. M. Hobart, Harold Pender, C. E. Skinner. 
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